4.3 LOAD-REJECTION OVERVOLTAGES 

As indicated in Section 4.1, the stator winding of a high-voltage generator with minimum grounding 
(X 0 /X! = 3.0) is subjected to higher levels of short-time overvoltages than is a conventional gen- 
erator step-up transformer. In order to better define the expected short-time overvoltages of high- 
voltage generators, computer simulation studies have been performed for line-to-ground fault situa- 
tions occurring near the generator terminals and accompanied by tripping of the generator breakers. 

The system is modeled as a single high-voltage superconducting generator feeding an infinite bus 
through a transmission system equivalent impedance, as illustrated in Figure 4.3-1. The computer 
program utilized for the load-rejection calculations models only positive sequence networks, so ficti- 
tious transmission lines were added to simulate the zero and negative sequence circuits for a single 
line-to-ground fault. Closing switch B initiates the line-to-ground fault, and load rejection occurs 
when switch A is opened. Switch A could be located near the infinite bus at the far end of the 
transmission line, and the maximum overvoltage would then be a function of the transmission line 
length. The generator grounding reactance is selected to provide a generator X 0 /X d ratio of 3.0. 
The high-voltage superconducting generator is modeled with conventional synchronous machine 
theory using a single shell rotor (Refs. 4-3 and 4-4). The model equations and parameters are re- 
viewed in Appendix H. 

Two load-rejection cases are considered: case 1 is for a simple load-rejection tripout with no accom 
panying fault; case 2 is for a line-to-ground fault near the generator terminals accompanied by a^ 
load rejection. For both cases, the initial loading prior to the disturbance is E T = 1.05 p.u., P = 
0.9 p.u., and Q = 0.35 p.u. overexcited (p.f. = 0.93). The line-to-ground fault is applied at t = 0 
and remains on. At t = .067 s (4 cycles) the generator main breaker is tripped. 

For case 1, Figure 4.3-2 illustrates the overvoltage accompanying a simple load rejection with no 
fault. For case 2, Figures 4.3-3 and 4.3-4 illustrate the load-rejection overvoltage of an unfaulted 
phase for the case of a single line-to-ground fault remaining on Phase A. The maximum overvolt- 
age is approximately 150% of normal line-to-ground voltage. 
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Figure 4.3-1. System Model for Load Rejection Studies 
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Figure 4.2-4. Fault Current Levels for Delta-Connected High-Voltage Generators 
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4.2.2 Fault Currents for Delta-Connected High-Voltage Generators 

For the delta-connected high-voltage generator, grounding by means of some type of grounding 
transformer is assumed. A range of grounding effectiveness of the generator from X 0 /Xj = 0.8 to 
3.0 is considered. While a low ratio would appear to be economically unattractive because of the 
increased cost of the grounding transformers, it is included to permit evaluation of the benefit to 
the generator insulation requirements. 

Figure 4.2-4 shows generator winding fault currents in per unit of normal winding current in the 
delta. The estimated short-time overvoltages on load rejection will be the same as those given in 
Figure 4.2-3 for the wye-connected generator. 

Table 4.2-3 summarizes the fault current levels for delta-connected high-voltage generators. For 
line-to-ground faults, which predominate, the delta-connected generator experiences considerably 
lower current levels than the grounded wye-connected generator. The delta-connected generator 
experiences the same short circuit current for all types of phase-to-phase faults, as indicated by the 
table. This group of faults is not an insignificant number, and thus, the advantages of a delta- 
connected generator from the fault current standpoint are not as great as might be thought at first 
glance. 



Table 4.2-3 



FAULT CURRENT LEVELS FOR DELTA-CONNECTED 
HIGH-VOLTAGE GENERATORS 



Fault Type 



Typical 30-Yr. Exp. X Q /X; = 3.0 



Fault Current 



(ac comp.) 

Xq/x;- 1.0 



L-G 



146 



3.1 p.u. 



3.3 p.u. 




3 -Phase J 

Load-rejection over- 
voltage (with 
L-G fault) 



34 



5.4 p.u. 



5.4 p.u. 



Rare 



1.6 p.u. 



1.15 p.u. 
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The basic generator and system parameters for the fault calculations are listed in Table 4.2-1. Fig- 
ure 4.2-3 shows generator fault current leveis for close-in line-to-ground and multiphase faults. All 
of the fault currents plotted are the subtransient, symmetrical ac components and do not include 
the dc component of a fully offset wave, which may be present. While it is generally assumed that 
the line-to-ground fault currents will be the least severe, note that with a solidly grounded neutral 
the line-to-ground fault current exceeds the three-phase fault current. 

Despite the higher fault currents with solid grounding, there is a compensating benefit in the form 
of lower short-time overvoltages associated with a terminal line-to-ground fault and load-rejection 
tripout of the unit. Figure 4.2-3 also shows the estimated load-rejection overvoltage levels as a 
function of the degree of grounding. 

Table 4.2-2 summarizes the fault current levels for wye-connected high-voltage generators. It 
should be recognized that the 30-year exposure listed is simply a broad average around which there 
may be large perturbations. For example, during an unusual ice storm, a major generating station 
experienced the above "lifetime" exposure of nearby line-to-line faults in a single evening. 



Table 4.2-1 

BASIC DATA FOR FAULT CALCULATIONS 



High-Voltage Generator: 
X d " - 0.20 
X; = 0.27 

X 0 = 0.16 (Wye generator) 
Initial loading 0.9 + j.31 (0.95 p.f), E T = 1.0 
System: (per unit on generator kVA base) 
X IS = in range 0.1 to 0.8 
Xqs/X 1s = in range 1.0-3.0 



Table 4.2-2 



FAULT CURRENT LEVELS FOR WYE-CONNECTED 
HIGH-VOLTAGE GENERATORS 







Fault Current 


(ac comp.) 


Fault Type 






Neutral 


Typical 30-Yr. Exp. 


X 0 /X;= 3.0 


Solid Ground 


L-G 


146 


4.0 p.u. 


6.0 p.u. 


L-L 


i i 


4.8 p.u. 


4.8 p.u. 


L-L-G 


16 


5.0 p.u. 


5.6 p.u. 


3-Phase 


7 


5.4 p.u. 


5.4 p.u. 


Load-rejection over- 


Rare 


1.6 p.u. 


1.15 p.u. 


voltage (with 





L-G fault) 
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Figure 4.2-2. Generator Fault Currents (ac Component) for System Line-to-Ground Faults 
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For rough calibration purposes, assuming a four-line station and including faults within 50 miles of 
the station, the high-voltage generator would be exposed to the following 30-year duty: 

146 L-G faults 
1 1 L-L faults 
16 L-L-G faults 
7 Three-phase faults 

Because of the preponderence of ground faults, the type of grounding employed is significant to the 
stator winding duties. 

4.2.1 Fault Currents for Wye-Connected High-Voltage Generators 

For the wye-connected generator, neutral grounding is assumed to vary from the extreme of con- 
necting the neutral directly to ground to the utilization of a neutral reactor which provides a genera- 
tor X 0 /Xj ratio as high as 3. As discussed in Section 4.1, grounding of at least this effectiveness 
should be provided for system considerations. 
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4.2 GENERATOR SHORT CIRCUIT CURRENTS 

High-voitage generators have an inherent advantage over conventional generators in the design re- 
quirements for maximum short circuit forces because the currents for a three-phase fault at the 
generator terminals are smaller for the high-voltage generator. This attribute is illustrated in Fig- 
ure 4.2-1 for generator systems possessing similar stability performance (presenting the same tran- 
sient reactance to the transmission system). 

On the other hand, depending on the winding type (wye or delta) and the degree of grounding, 
high-voltage generators may be subjected to greater short circuit forces than conventional genera- 
tors for the more frequent transmission line- to-ground fault. One example is shown in 
Figure 4.2-2. 

The most frequent fault conditions experienced by a generator are line-to-ground faults, comprising 
80 to 90% or more of transmission line faults. Fortunately, they are generally the least severe of 
the fault types. Fault statistics vary widely with location, transmission voltage level, line construc- 
tion, shielding practices, etc.; however, representative data for 345 kV are as follows: 

- Fault frequency: 3 faults/100 mi/yr. 
Distribution by fault type: 
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Figure 4.2-1. Three-Phase Fault Current Leveis for Conventional and High-Voltage 
Generators 
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Cost Comparison for Separate Zig-Zag Transformer Grounding of 
Connected High-Voitage Generators 




Aux. Tr. 
36/48/60 MVA ea. 




Spare Neutral 
Reactor 



Aux. Transf. 
Neutral Reactors 
Aux. System Grounding 
Aux. Swgr. 



Cost Penalty To Delta Gen. 

$/Machine 

367 K 
- 200 K 
40 K 
assumed same 
207 K 
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Cost Comparison for Auxiliary Transformer Grounding of Delta-Connected 
High-Voltage Generators 
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effect would be to produce lower short-time overvoliages at the expense of higher machine hne-to- 
ground fault currents. The generator X 0 /X, ratio cannot fall below a value of 1.0 if the line-to- 
ground fault current is not to exceed the three-phase fault current Referring to Figure 4.1-1 it can 
L seen that reducing X 0 /X, ratios substantially reduces the possible hne-to-ground fault overvol- 
iages. If the generator design studies indicate that this is a favorable trade-off direction to pursue 
then lower X 0 /X, ratios for the delta-connected high-voltage generator can be investigated While 
of secondary importance, it can be noted that, in general, more effective grounding of th^ delta- 
corrected high-voltage generator system will entail increased costs for the requi ed grounding 
transformers whereas a similar action for the wye-connected generator will entail a decreased cost of 
the neutral reactor. There is, of course, no reason why solid grounding of a wye-connected genera- 
tor neutral should not be considered, since this is the common practice for wye-connected step-up 
transformers. This would provide the maximum benefit from the standpoint of insulation design 
requirements. 

The auxiliary transformers in Figure 4.1-5 are not required to provide grounding and are connected 
to the high-voltage main busses. If there were also a lower transmission-voltage bus in the station, 
it could be considered as an economical alternate for part of the auxiliary requirements. The auxil- 
iary transformer backup requirements are provided by the forced cooled ratings, and no spare 
transformer is included. 

4.1.3 Estimated Cost Penalties for the Delta-Connected Generator's Grounding Equipment 
Since grounding of the delta-connected high-voltage generator involves special impedance auxiliary 
transformers, which in turn can effect the switchgear requirements, etc., a key element in the cost 
comparison must be the auxiliary system costs. This can become extremely 

considers the switchgear, the motor control center, the motor cost differences, and the wide vana- 
tions in design philosophies. The general conclusions that can be stated are: 

. Auxiliary system costs vary widely with specific plant circumstances and utility design philoso- 
phies. As a practical approach, one auxiliary system design which represents typical utility 
practice is considered. 

. The delta and wye generator systems can reasonably use the same basic auxiliary system 
design, so the essential differences involve auxiliary transformer costs and the cost of spare 
capacity which may be included. 
Estimated installed cost differences in station equipment for delta- and wye-connected high-voltage 
genemors is summarized in Figures 4.1-6 and 4.1-7 for 600 MVA, 345 kV generators. Four ar- 
rangements are considered: 

Cost Penalty for Delta Generators 
S/Machine 
($ thousands) 

(1) Figure 4.1-6: Auxiliary transformer grounding 207 
of the delta generator 

(2) Figure 4.1-7: Separate zig-zag grounding transformer 370 
for the delta generator 

(3) Figure 4.1-6: Same as (1) except spare ~ 10 
transformer and spare neutral reactor are omitted * 

(4) Figure 4.1-7: Same as (1) except wye generator 407 
neutral is solidly grounded 

Comparison (1) would appear to be the one of most significance. Wide variations are possible, 
depending on particular station design assumptions. 
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Figure 4.1-4. Station Arrangement mud Grounding for Delta-Connected High-Voltage G 
era tors 
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Figure 4.1-5. Station Arrangement and Grounding for Wye-Connected High-Voltage Genera- 
tors 
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tern used in the high-voltage generator, these should be used in a final determination of insulation 
coordination. For the 765 kV rating, it should be noted that the indicated arrester does not have 
adequate withstand capability for the assumed 175% peak load-rejection voltage. At the present 
time, the arrester shown is the only rating available for the 765 kV voltage class; however, it is 
assumed that additional ratings with greater discharge capability will be obtainable when required so 
that an X 0 /Xi ratio of 3.0 can become sufficient for this voltage class. 

4.1.2 Grounding Arrangements 

Supplementary grounding for the station may be provided in a number of ways and can be 
influenced by the presence at the same station of a lower transmission-voltage bus. For the pur- 
poses of this study, a single transmission-voltage station consisting of two generating units is as- 
sumed For the delta-connected generator, it is fundamental that the grounding remain connected 
to the machine at all times, rather than to one or more of the high-voltage bus sections. This is to 
provide grounding on startup prior to synchronizing and, more importantly, to maintain adequate 
grounding to limit voltage stresses during line-to-ground fault conditions coupled with load- 
rejection tripout of the generator. 

The necessary grounding for the delta-connected generator may be provided by a separate zig-zag 
grounding bank for each unit; however, a more economical arrangement is illustrated in Fig- 
ure 4 1-4 where the station auxiliary transformers are utilized as grounding banks in addition to 
their normal function. While this approach appears to be practical, several considerations which 
affect cost and/ or operating procedures should be noted. 

• The auxiliary transformers require lower than standard impedance to provide the minimum 
grounding criterion (X 0 /X! = 3.0). This entails a cost penalty to these transformers of about 
20%. 

• To meet the transmission system grounding needs, the auxiliary transformer low-voltage 
winding connections should be delta connected. This requires separate small grounding 
transformers for auxiliary system grounding and produces a relatively insignificant cost 
addition. 

• Since loss of an auxiliary transformer would shut down a machine for lack of grounding, a 
spare transformer should be provided and is included in the cost comparisons. 

• From an operating standpoint during startup and shutdown, the arrangement of Figure 4 - 1 ; 4 
is basically the same as a typical conventional unit generator-transformer arrangement, which 
also has its major auxiliary supply transformer tied directly to the generator. The "startup 
source in the case of the delta-connected high-voltage generator, however, is the auxiliary 
transformer of the second unit rather than a startup transformer permanently connected to 
one of the high-voltage busses. To maintain equivalent reliability of the auxiliary system, a 
delta machine on shutdown would need to have its own auxiliary transformer promptly recon- 
nected to the bus. While this is a normal procedure, a permanently connected startup/ 
shutdown auxiliary source is preferable. Such a source might be obtainable in connection with 
older conventional units at the site, or the spare auxiliary transformer referred to above could 
be utilized in this capacity. 

The assumed full-load auxiliary requirements are 10% of the generator rating, i.e., 60 MVA for the 
600 MVA unit shown in Figu-r 4.1-4. The 100 MVA forced cooled rating of the auxiliary 
transformer is intended to provide startup capability for another unit as well as 67% reserve capacity 
for outages within the auxiliary system. 

A station arrangement for wye-connected high-voltage generators must be established to provide a 
basis for the cost comparisons of the grounding equipment. Figure 4.1-5 illustrates such an ar- 
rangement in which the grounding is provided by a reactor in the winding neutral, sized to Provide 
an X 0 /X, ratio of 3. For this arrangement, lower X 0 /X, ratios could readily be provided, and the 
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■The BIL levels required for the high-voltage generator depend on the! rating of arrestim whKli^j 
be applied on the system; "Limitations in the i; arrester ratings that can be applied depend in turn on 

, the switching-surge and short-time oyeryoltage energy dissipation required. In this regard, a new 
type of arrester employing nonlinear zinc oxide elements provides msyor advantages in its 'ability to 
ride through the load-rejection overvoltage excursions which are critical to arrester application on 
the high- voltage generator. It is assumed that this type of arrester, which is now commercially 
available, would be utilized, and would permit application of high- voltage generator BILs as low as 
indicated in Table 4.1-1. In this table, the listed insulation test levels are those established for' 
high-voltage transformer windings. If different values are assigned for the particular insulation sys- 
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Table 4.1-1 
INSULATION COORDINATION 













Arrester Characteristics* 




Insulation Test Levels (kV) 




Discharge 




Withstand 
Time at 


Generator 
Voltage 
Rating 


Full-Wave 
BIL 


Chopped 
Wave 


Switching 
Surge 


Rated 
kV 


Voltage 
8 x 20 
/x-Second 
Current Wave 


Switching 
Surge 

Protection 
Level 


175% of 
Generator 
L-N Rated V 
(seconds) 


230 kV 


750 


865 


620 


264 


(10 KA) 
598 


520 


Over 60 


345 kV 


900 


990 


745 


312 


(10 KA) 
707 


615 


10 


500 kV 


1300 


1430 


1080 


444 


(15 KA) 
1043 


874 


8 


765 kV 


1800 


1980 


1500 


588 


(20 KA) 
1418 


1197 


Under 1 



•Based on GET-6460, Application Guide for Tranquell Station Surge Arresters, 
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: •"-'^ Bse voltage; excursions are in the range in which the c^mmerdal acceptance overvoltage test, or ! 

] y [ **W-pot", is presently intended to test insulation capability. For high-voltage transformer windings, 
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Figure 4.1-1. Overvoltage on the Unfaulted Phases During a Line-to-Ground Fault at the 
Generator Terminals 
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POWER SYSTEM CONSIDERATIONS IN THE DESIGN OF H IGH-VOLT AGE GENERATORS 
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in Section 2:i r t6 be beneficial in controlling voltagej^^ehts 

system. The udlizatibn of delta-connected armatures on the power Ostein poses a n^S^^^y^ 
difficulties, the foremost of which relates to thje founding of the transmission systems Alffiough 
delta-connected generators have been supplied in the past, th^ were, conventional voltage : , 
machines that were connected to the power system through delta- wye* step-up transformers that 
provided the required transmission system grounding. The delta-connected high- voltage generator 
will! require auxiliary equipment to provide minimum system grounding requirements, implying cost 
penalties for the utilization of the delta-connected armature. 

4.1.1 System Grounding Requirements and their Relation to Fault Overvoltages 

All modern high-voltage transmission systems! are designed on the basis of relatively solid ground- 
ing which limits the transient overvoltage levels encountered. Transient overvoltages occurring on 
the transmission system fall into several categories: 

• Lightning impulses, which are characterized by very fast wavefront rise times (typically 1 /is 
to the crest of the wave). These waves may be "chopped" as a result of insulator flashover, 
creating very steep front waves. 

• Switching surges, which are characterized by 250-2500 /as wavefront rise times. 

• Temporary overvoltages, which are associated with generation load rejection, are of relatively 
long duration — measured in seconds. The highest voltage stresses to ground occur on un- 
faulted phases during a line-to-ground fault. 

IEEE and ANSI Standards define dielectric test requirements for these categories of transients in 
terms of ^rjjghtnjpg^nulse insulati on, level (BID , chopped wave insulation level, switching 
impulse insulation level, and low-frequency phase-to-ground insulation level. 

In general, the levels of system temporary overvoltages and switching su rge overvoltages establish 
the lm¥£5t ratings oLsurge_arresters which can be applied, and the surge ar reste r ratings then estab- 
lish the i nsula tion-levels which will be protected. 

The system grounding has a major influence on the temporary overvoltage and switching-surge lev- 
els and therefore on the equipment insulation strength required. The ratio of zero-sequence reac- 
tance to positive-sequence reactance (X 0 /Xi ratio) is a major parameter affecting transient voltage 
levels. Industry practice for many years has been to define an effectively grounded system as one 
having an X 0 /X t ratio of 3.0 or less (with an R 0 /Xi not over 1.0). These criteria are generally met 
except under unusual circumstances. A unit generator-transformer, for example, will have an 
Xo/Xi ratio viewed from the high-voltage bus of considerably less than 1. 

Transmission lines exhibit an X Q /X { ratio of about 3.0 and transmission receiving end station- have 
grounding characteristics similar to generating stations. The net effect is that the overall X 0 /X, ra- 
tios indicating the degree of grounding generally run between 0.5 and 3. Typically, the latter value 
would be approached at a generating station when all of the generating units with their respective 
ste?-up transformers are shut down. There is no local grounding in such a situatiDn, but satisfacto- 
ry grounding is provided through transmission-line connections to other grounded substations. 
This situation presents no difficulty in providing station surge protection. It should be recognized, 
however, that this situation is not comparable to the case where there are on-line, delta-connected 
high-voltage generators without local grounding. Here, the X 0 /X, ratios would be; much higher. 
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CIRCUIT PARAMETERS OF SERIES-RESONANCE Oy, 
FOR HIGH -VOLTAGE GENERATOR 



High-Voltage Generator: 600 MVA, 345 kV, 1004 A, 



Generator Reactance 
Required Line Current 
Required Series Capacitance 
No. Capacitor Units per Phase 

Total No. Capacitor Units 
Total Capacitor Cost 



240 Hz Test 
238.1 n 

1,673 A 

2.8 /xF 

868 



m 



(28 series units^ 
31 parallel branches^ 



2,604 
$1,117,116 



sary to measure the winding reactance before the capacitor banks 
formed by exciting the generator winding directly with the higk-frei 
ing the terminal voltages and currents. This measurement should*, 
quency as the series-resonance test. ^ 



After the dielectric tests of the high-voltage generator have been c 
complete stator and superconducting rotor can be initiated. These 
tests, short circuit heat run tests, rotor tests, and vibration tests,' 




V« twice rated 



Figure 3-3- Series Resonance Circuit for the Overvoltage Test of High-Voltage Generators 

Table 3-1 lists circuit parameters for two series-resonance overvoltage tests, one at 240 Hz and 
another at 420 Hz for the 600 MVA, 345 kV high-volt** generator. The specifications f^ this 
generator are luted » the table. The ohmic value of reactance is listed in order to compare with 
he generator reactance at the higher frequencies, where it is seen that the reactance is proportional 

Se ^n^r^- H hC 'TXfS™ CUrrCnt iS the Current ret > uired to ° bt ™ twice-r. J voltage on 
J r er " w,ndin «- At 240 Hz - squired line current is larger than the 60 Hz rated load 
Senior, although the winding could probably withstand such a current for the 

fh^UtT SPa " u St - ThC rCqUired SCries "P^fance is proportional to the inverse square of 

the test frequency, so there is great motivation to utilize the 420 Hz test in order to reduce capaci- 
tor requirements. The capacitor bank arrangements are based upon a selected rack-mounted capaci- 
tor unit judged to be the most economical from which to assemble a large bank. This capacitor has 
a nominal rating of 14.4 kV and 200 kVAR (at 60 Hz). Its capacitance is 2.588 M F and it costs 
5429. Twenty-eight capacitors n\v< be connected in series to withstand the generator's twice-rated 
overvoltage of 400 kV line-to-ground, and several branches of these series-connected units are re- 
quired to yield the necessary capacity. 

A word of caution must be stated about the sizing of the capacitor banks. The series-resonance 
condition will be achieved only if the capacitor banks are exactly tuned to the reactance of the gen- 
erator winding, and at the present time, the calculation accuracy of the reactance of air-gap wind- 
ings is uncertain and therefore unsuitable for the accurate sizing of the capacitor banks. It is neces- 
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JS2?£ ■ i V^'. 03 ' disc ' Coil transfohner windi "« "the moment when the ^ of 
the impulse has arrived at the wmding terminal. The voltage falls rapidly progressing inwariW 
duemg large turn-to-turn voltages near the terminal of the winding. As time^^Sse^ 

LTnonlt 6 V f° ^ ibUti0D tOWard the neutral and eventually refle^SarS soSTt 

alt poruons of the winding at some time during the application of the impulse experience*™ 

^^S^oJSLr^ r CUng die,CCtriC faU,tS ^LpulseTestinris « fol- 

wws. The waveform of the terminal current for a reduced magnitude impulse voltage is recorded 
Current waveforms for full magnitude impulses are recorded and compared to the cu"rren[ 

rm!n e aZ ST"* ^ differences « - d -tive of dielectric faulL ™ clreful ex- 

amination of the waveforms can often locate the proximity of the faults. 

£ tn a ? ti0 . n ,° f .L he i * PUlS ^ tCSt ' 03116(1 a * ,ch °PP^ ^ave" test, is often performed, and its purpose 
s to simulate the effect of a lightning strike clipped by surge arresters. The test* ierfonne^Sn 

the tested equipment and is set to flash over at a determined level. The spark gap forces the im- 
pulse wave to collapse almost immediately, and the effect is similar to superimposing upt>r7^ n™- 

SSLSTSS h ^f- ° f 1 £ ?T 3 SeCOnd ' slightly deIayed im P«^ of opposiHolX aid ex- 
S 1 ^ 1 nS6t,me - F,gure 3 - J "^trates » chopped wave. The chopped wave prod^cesTn tS 
duTed hTfh?" ^ S,e T front volta 8« distribution of opposite and steeper slope than "aTpro- 
duced by the normal impulse, with consequent larger turn-to-turn voltages 

t^ s ?orr;2 iC h S /- teni ° f J he high - voltage stat <" Ending closely resembles that of a large power 
n r«h rta h ' ST 8 C ° nductors insu l ated w ith turn-to-turn insulation and thick oil-impre^ted 
SS^tS^^ li r- t °- gr ° Und inSUl3ti ° n - The 0 " erating environment of the^ 
SSn^TSrS^S ^transformer, particularly with respect to exposure to 

same ^2 those for I^5o ' recomme u nded die l«tric tests for the high-voltage stator are the 
SsT can be oerfo r 3 ^ ,n f, r ' .HT^ overvo,ta 8 e test a " d the impulse test. The impulse 
n« 3 L • / u n CX3Ctly ,he same manner 38 described earlier. For delta-connected wind- 
break ^ ^ i f 0,3ted dUring the im " u,se test ' becau - the winomg P h£e 
deha nal S » . T hT 156 teSt be P erformed by applying the impulse tl one 
SuliTote^ dClta tCrmin3lS grOUnded ' re ^ ing the P— d - to apply the 

lo^Vu^f^lT hT' ed ln 3 SOmewhat differem manner than that described for 

exdfe SSh^^w^f h,gh ' V ° ltage generator has "° iow-voltage winding with which to 
« te SlSf "2S . ? mg " Cad ' 3n overvo,tage test Prescribed for large inductive reactors 
exacUv cancel f™*'™™ 1 "*, M A C3p3Cit0r bank of such ca P aci ^ « a «ance as to 
Sr S e ti, ^- reaClanCe ° f thC gener3t0r Winding is co "n«ted in series with the gen- 
erator, and the series combination is excited with a small, high-frequency motor-generator set. 
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t»* WrliKfr vnttaee transformer which is reactiveiy capaoie oi ; lesung .Bn:«uuip,winuiii 6 5***ig£|i > f t 

B^^lfhtliele^^ 

? ' the conventional generator and cohsequenUy requires a different test procedure. ^ conductors J>f 
H J, a transformerafe^ w 
' which form alterate layered 

tween the transformer coils and the grounded core and tank walls/ Two different dielectric t^ ve ^ 
performed on the transformer; One test is' a^twlce-fated 5> very oltage tested ^jm^mMWMmml 
: ^ulse test, which simulates thd effects of a lightning strike and imposes very large turn^o-tom volt- p . j 
ages. No tests can be performed until the transformer is cpim^etely assembled. :;-^fi||*||pT 
The objectives^ of the overvoltage test are to obtain a twice-rated voltage on the high-voltage wind- 
ing and to hold it a specified amount of time (typically 7200 cycles). Partial discharges are mea- 
sured during this test to determine if they fall within standards. Even if there is no breakdown dur- 
ing the overvoltage test, a high level of partial discharges indicates a dielectric fault that may con- 
siderably shorten the life of the transformer. The simplest way to obtain this overvoltage on the 
transformer high-voltage winding is not to impress it directly on the high-voltage winding but to in- 
duce it by exciting the low-voltage winding. For twice-rated overvoltage, at least 120 Hz excitation 
is required in order to avoid over-fluxing the core, although 240 Hz is more typically utilized. The 
required test apparatus is a small high-frequency motor-generator set. 

The impulse test simulates the effects of a lightning strike on the transformer and is performed 
with a multistage impulse generator. This apparatus is comprised of column-mounted capacitor 
drums (each capacitor being a "stage") arranged with sphere gaps between the stages. The sphere 
gaps are adjusted to break down at a specified voltage. The capacitors are charged in parallel from 
an external dc source until such a level is reached that the sphere gaps flash over. The flashover or 
the gaps switches the capacitors in series, producing the high-voltage impulse. The ley;, ot tne im- 
pulse crest is coordinated to the specified Basic Impulse Level (BID of the tested equipment. The 
BIL may be typically five times the operating voltage. Series and parallel resistances in the circuit 
of the impulse generator can be adjusted to control the waveshape of the impulse. The impulse 
waveshape is specified in terms of the rise time to the crest and the fall time to 50% of the crest 
voltage as illustrated in Figure 3-1. A typical impulse has a rise time of 1 fis and a fall time ot 
50 M s The impulse does not distribute uniformally throughout the transformer winding, but tends 
to bunch up, producing large turn-to-turn voltages within the winding. Figure 3-2 illustrates the 
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2.10.3 Conductor and Conductor Cooling Calculations 



Conductor and conductor cooling calculations have been performed for a 1200 MVA, 500 kV 
monolith cylinder armature having helical coils. The cylinder dimensions were taken from Ta- 
ble 2.10-1 for the design having the 11 and 14 in. field winding radii. The technique and assump- 
tions for performing the conductor and conductor cooling calculations are exactly the same as 
described in Section 2.6. The computer output for a winding design using transil oil coolant is con 
tained in Figure 2.10-5. The required coolant flow is 1687 gal/min at a pressure drop of 50 psi. 
Both quantities are approximately double that required for the 600 MVA armature (891 gal/min 
and 22 psi, respectively). 
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Figure 2.10-3. Radial Winding Pressure on Ti 
After Fault. 1200 MVA, 500 k 



~hase Short Circuit from Rated Voltage, 90° 
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GENERATORS AT 1200 MVA» 500 kV; 
HELICAt 'cblL WINDINGS' 
300 A/cm z CURRENT DENSITY i 50 kV/in. INSULATION STRESS 



Rij R 2 R3 ' R 4 f R5 i R| ; Rri Rg ; Rj 



'!0 



R 



11 : 



7; ip ilf 13.5 isJo; 20.1 2|;4;|^.?; 35.0 Uoj 5i# 752 0244 0.272 0.295 

8:11 13^5 15*5 17$ 22.8 24^^m 37.2 42;? 5^8' 556 0.240 0.272 0.297 
9 12 14.5 16.5 ititi 23.8 ^.f3l3* 38.5 44.3 59.5 408 0.240 0.271 0.299 

10 13 15.5 17.5 19 0 24.8 26^9 38.5 39.9 45.7 63.3 310 0.239 0.271 0.301 

11 14 16.5 18.5 20.0 25.8 28.1 39.7 41.3 47.0 67.2 246 0.240 0.272 0.305 

12 15 17.5 20.5 22.0 27.8 30.2 41.7 43.4 49.2 71.6 210 0.238 0.272 0.305 



Rl - 


field winding inside radius, in. 


R 9 - 


- outer conductor layer 


R 2 - 


field winding outside radius, in. 




outside radius, in. 


R 3 - 


shield inside radius, in. 


Rio 


— core inside radius, in. 


R4 - 


shield outside radius, in. 


Rn 


— core outside radius, in. 


Rs~ 


armature inside radius, in. 


L - 


- length, in. 


R 6 - 


inner conductor layer inside radius, in. 


X" 


— subtransient reactance, p.u. 


R 7 - 


inner conductor layer outside radius, in. 


X' - 


- transient reactance, p.u. 


R 8 - 


outer conductor layer inside radius, in. 


X - 


- synchronous reactance, p.u. 



Table 2.10-2 

HIGH-VOLTAGE GENERATORS AT 1200 MVA, 500 kV 
DIAMOND COIL WINDINGS 
150 A/cm 2 CURRENT DENSITY, 50 kV/in. INSULATION STRESS 



Ri 


R? 


R 3 


R 4 


Rs 


R* 


R 7 


R« 


R 9 


Rio 


R.i 


L 


X" 


X' 


X 


7 


10 


12.5 


14.5 


16.0 


21.8 


24.4 


36.0 


37.6 


43.4 


53.5 


575 


.212 


.270 


.32C 


8 


n 


13.5 


15.5 


17.0 


22.8 


25.7 


37.3 


39.1 


44.9 


57.0 


404 


.214 


.271 


.325 


9 


12 


14.5 


17.5 


19.0 


24.8 


27.8 


39.3 


41.3 


47.1 


61.1 


314 


.209 


.270 


.326 


10 


13 


15.5 


18.5 


20.0 


25.8 


29.0 


40.5 


42.7 


48.4 


64.8 


224 


.210 


.268 


.327 


11 


14 


16.5 


19.5 


21.0 


27.8 


31.0 


42.5 


44.7 


50.5 


69.0 


194 


.215 


.268 


.328 


' 2 


15 


17.5 


20.5 


22.0 


28.8 


32.1 


43.7 


46.0 


51.7 


72.8 


154 


.217 


.267 


.329 
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Figure 2.9-4. Fabrication of a Horizontal Divider 



cylinder has been built on, the polygonal surface for the polygonal core-to-armature interface is 
machined. The completed armature is inserted into the frame and core assembly, followed by the 
attachment of terminal leads and frame-end parts. After the stator is completely sealed the drying 
and oil impregnating can be performed. 

The mechanical characteristics of pressboard with respect to its moisture content must be discussed 
Pressboard supplied from the manufacturer has a 5% moisture content, which is the equilibrium 
condition with atmospheric humidity. After a transformer is assembled, prior to oil impregnation 
it is dried to a moisture content of less than 0.5%. During this final drying, even the best of press- 
boards undergo a slight compression relaxation. In a transformer, the only concern is with the axial 
tightness of the coil assemblies; therefore, after drying is completed, the coil assemblies are re- 
tighteneH with the clamping mechanisms that have been provided for this purpose. However no 
equally infective mechanisms exist for retightening such relaxation in a high-voltage armature; 
therefore, it may be desirable to predry the pressboard pieces before assembly. It would then be 
necessary to assemble the armature in a low-humidity controlled compartment, to prevent the 
pressboard from reabsorbing moisture from the atmosphere. 
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Figure 2.9-3. Fabrication of a Vertical Divider 
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j-i* f » *«¥jgiBr5M«^€w« 3*^&^~?**i^4ft£^ to heat aiM 1 

S#MSessteard-is. available in. thjckne^ uif to^Siia^^^B^llMftKlftfe*!!* iSd 

i#9M*F^?rOT.^ ,^.l»o^onW^d vertical aividew thai are tocororatea mWSU™^ 
I durtor.layers are also consmicted '6f$%®ffi££ rThWaW^ ^S^EeSS^S^^^ 

is impermeable to oil 'J and mi im m»mriAW iiUi^iii^l?!*? 



'^SiSSSSS^tiTTKi m .^>- p ^M.i?Jhe-lam^t^ stf^ to facilitate drying "imdSr - 
unpregnatmg The final drying process of a pressboard product involves creating a vacuum to* 
water. vapor from the interior of the pressboard through the ventilation passages Wh^n Se^enSa- 
toon passages are numerous and closely spaced, the water vapor has less distance t Mxa?e I and ST 
mg ,s accelerated. The axial ventilation passages facilitate oil impregnation in the Lme mimer 
Figure 2.9-2 illustrates two different configurations for the ventilation passag^ InTe ftST 
C tZf*17n^£ al 8 . r0 ° VeS are u mi,,ed into the Pressboard laminations prior to their assembly. In 

°; P . resSb T d PiCCeS of a P er iPherally short span are assembled with gaps Ap- 
pearing between adjacent pieces; these gaps serve as the axial ventilation passages. 

The geometry of the horizontal and vertical dividers is complicated by their helical twist (since thev 
be ?abr SedlrolTrc £ ^J*?*"^' ^ ^ ^monstrates'how the vTrticTdiSdeTs 2? 
S der ation ^SSS? ^ ° f pres ^ oard that « twisted the helix. The mathemati- 
wf/nnLi h ft bncanon is contained in Appendix G. Figure 2.9-4 demonstrates how the 
Sine to form^Lr b ^ fab " cated J ro ™ rectangular pieces of pressboard. If the required 

™SLh k Pa S ,S bey ° nd thC ca P abilit y of df y Pressboard, the pressboard may be 

moistened slightly, bent to shape, and redried. 

The monolith cylinder armature is constructed from the inside out, so the fiberglass-epoxy bore seal 

^S^^^t I ^ ^ SeaI tUbC - ThC innCr inSU,ati ° n CylindCf is ^SSSi 
below th^ r ,1 S 5 CetS ° nC Iayer at * time - The vertical dividere extend above and 
cnnZrt ? °i the conductor and coo ""S '"be columns, so the vertical dividers of the inner 

suS To n^er i^ be t anCh0 r e H t0 ^J™" inSUlati ° n CVlinder by milHn * hooves into the omer 
surface of inner insulation cylinder. The vertical dividers are placed into the grooves and the 
columns of conductors and cooling tubes are placed between the vertical Aiders Adhesive is ap- 
plied to all adjoining surfaces. Horizontal dividers are placed on top of the conSciircotomM to 
match the leveI f the venjcal div . ders The P P *e conducto colurnnsto 

»d"h"^ tooocon* e T mbIed " ^ SamC mannCr M d£SCribed f ° r the -ne^ conductor llylr, 
and the series loop connections are performed directly afterwards. After the outer insulation 
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Reference 

2.8-1. Electrical Materials Handbook, Allegheny Ludlum Steel Corporation, 
page DC/ 3. 
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Figure 2.8-5. Placement of Core Cooling Passages 
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ai- inc core losses can be calculated from materia 
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Figure 2.8-4. Core Loss of 14 Mil Grain-Orientated Silicon Steel at 60 Hz 
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Stem, iijus£ira ted in Figure 

n£mM&^ discharge tfi^heatcd air at tfie tSrbu* 

pun^^ 

*;^i*JEl^ aria bf ^ anmSti^ 

that is exposed to air, raising the possibility of nostra m 



^ -~ ^^fr.z^.^^^—^—^^^ r . w migration through the* trma 

&**^J!^>^f^ This prpblen*^" 11 * 

#Jf tfic amature liSre seal ^b^'made tiS fe^nolsftire impennwbK liie se^m 

- tem also eliminates ai^y danger of moisture migration into the armature s^<^raf f 

gap to remove what littl^earis generated; in r t6^A4qxum k&osplien^*^** 4 * 

Core-To-Armature Clamping MechanisiiiifMI& 

^Mlt^M P9^P^,<Sr^!Qtil™ at «re interface is descntSf In ^tiM:2:4,J^ The mwffi^ 
• >#|t*sis . pe^rmwl m fliat section indicates c^depl is acceptable wtii «S^4tiq 

stresses^ ^ armature sudden short' racu 

.1.*- deSlEn details for imolementinff tKft nntvennflf rVifi^ 



fi«ipS-5? K 1 ?? 1 ^ J^ffl^Hltrin implementing this concept Is providing and mairitainjng 7 a ? figK^f 
|f||| FHl^H^ A^looser^ta this interface will allbw'vibra&mar 



and consequent chafing aiitf^r^ 

There is ho difficult v in m3mifflrtiirtnVnnH"ma 




fiinUltf Ip? 11 ^ is no difiBculty in manufacturing; machining ^eco^ 
?l^?nS^feP r<5vide ^ Ught fit * but a Problem arises during assembly; since it may be veiy difficult to slide an ? 
V]i'\\\ i 'r^i ; v armature structure into a core when there is such a close fit between the components j Such an as- 
: \ \ : V sembly step will be required unless the core is built arbiind the armature structure (an option that 
• .t3-r may compromise the structural integrity of the core and frame and may prohibit "convenient W 



. . - v . 7 ■ — «*->.iw m-Mmm+j fr* VlliUI I VULi 

disassembly of the armature structure from the core if it should become necessary)^ 5 *^ ^ 

The design of this core-to-armature interface must aitow for enough clearance at the interface to al- 
low for an unencumbered insertion of the armature structure into the core. Tightening of the in- ' 
terface must come after the assembly. Figure 2.8-3 illustrates a concept for a tightening mechanism 
for the polygonal interface. Tightening bolts are placed between axial gaps in the core and are dis- 
tributed around the entire periphery. The tips of the tightening bolts fit into a stainless steel pres- 
sure strip which distributes the tightening stresses from the bolts to the pressboard pressure blocks. 
The pressboard pressure blocks abut against the flats of the armature structure and have a 
triangular-shaped cross section that further distributes the tightening stresses to the armature struc- 
ture. The guide blocks and threaded holding blocks of the tightening bolts are sandwiched between 
laminations and welded in place. Space blocks that are shaped like I-beams are incorporated into the 
sandwich to increase the axial compression rigidity of the assembly. The tightening assemblies are 
repeated at regular intervals in the axial direction. The metallic parts of the assembly should be 
made of stainless steel in order to limit eddy current heating. 

The tightening mechanism allows retightening to be performed if the armature structure suffers 
compression relaxation. 



2-119 




[lMith^rame^iucr;surfacc; T This < 
--surface distance " 



j maximum corp outer diame 



h The leaf springs are position* 
ifi cal centerline. :s But T 
* as imr fi^t arc positioned on both 




both siae$^6T-tne frame lancrare attached 

M^gmW^fc 

oth sides of tftclfra&e to limit 



itto gra. 
zon' 



ear spring frame' design has J?ecn jused succei 

" ' - ^tm. multipiece; generator. Iri_ 

^ — r spring frame design depends - on; a solid" con nebtiori^etweejl^mea . 

mechanism; The fram and keybaris ar£ manufacture^^ 



^ r , - ^;^--The radial vibration motion of the frame will follow that of the core; ahel 1.5 to 1.0 m 



I fThehigh frame vibration levels will be transferred to the ; frame elad'l^usj m'it 1^ T^^ssei^^ 
isolate the rotor bearings from' the tiam&T^thfe 'bearing isolation is a^^^lisheil'. by; using separate"?- 
pedestal bearings which are mounted ^&U|^tp; ^ .fpundaflctt^4|| f IS I * :! 1^1 fc^l^llS r?i 1 \ £ : 




Figure 2.8-2. Application of a Leaf Spring Frame Design to a Conventional Generator 
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; I ] • Contain the liquid cooling medium and provide cooling circuits for! the corej winding/and 
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• Ensure that air and moisture will not penetrate the frame or winding support system Such 
penetration would contaminate the cooling medium and would cause premature electrical 
failure of the armature. 

• Provide a shipping package which will not allow air and moisture penetration during tran- 
sportion to the power station 

The internal environment control functions are similar to those required by high-voltage step-up 
transformers. 

A frame design concept which addresses these requirements is illustrated in Figure 2.8-1. The 
frame, end shields, and armature structure are assembled at the manufacturer's plant to provide a 
container which is as close to a hermetically sealed system as possible. Where shipping weights are 
not limiting, the cooling fluid would be left in the stator after the commercial acceptance tests have 
been performed and would be shipped with the frame. Where shipping limits would not allow the 
fluid to be shipped with the frame, dry air would be pumped into the frame for shipping to mini- 
mize moisture contamination. Upon arrival at the plant site, vacuum-heating cycles and new fluid 
filling operations would be required to condition the stator for startup. 

Vibration isolation is accomplished in the following manner: the core is solidly connected to the 
frame and the vibrational motion of the frame follows the vibrational motion of the core. However, 
the outer surface of the frame can be designed at the diametrical location where it is known that 
the magnitude of the tangential vibrational motion will fall to zero. The frame is then attached to 
the foundation through vertical leaf springs that accomodate the remaining radial vibrational motion 
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The stress and thickness coordinates for the vertical dividers can be entered onto Figure 2.1-7, 
which has a curve for the impulse strength of oil-impregnated pressboard. Both points are well 
within the criterion limit. 

A similar exercise can be performed for the insulation wrap that is placed around the cooling tubes 
and which serves as a turn-to-turn insulation between radially adjacent conductors. It, too, is well 
qualified. 
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Figure 2.7-8. Calculated Surge Voltage Distributions for the 600 MY A Armature 
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Figure 2.7-9. Maximum Turn-to-Turn Voltages for the 600 MVA Armature 



2-114 




, s^ratH&^Wthi'yW 

cycutotea:ana mciswca^vmycfQr' 

„_ ^^.^^i^g^^^^^i - 

vpltagq waveforms t 



te distnbut 



exper 



-t* armature ^whose dimensions are dcscriL : 

lle|£&tp^ 

fe^lxuifc^ thexciraiit mtKiekfcas;54 nod* 



. . helical col . 
— armature has I , 
r t^fia each Mlumn an<f 
ifiustra^ the i^^iat _ 

^ _ ,-^ r# . ^-^^^^^ ^^[M^^J?!!! 3 !?? 1 !? 

— ^cation ^llthe^urgCidtwautioii m this wmdi^ Here* tn$; 

u tions Ini^cates \M%weM!Pt ^it^&l^^^^uW wVfue along fiie leiif &5L . 

U and the steepest slope of each distribution Indicates, the location and magmtudd^oftj 

' 5 iront oi ^ _ ^ _ e 

T^rtSlm^or is similar to that experira 
illustrates the maximum turn-to- turn voir - ~ 



J^t^f i : - ^SbouncesTbff! the'end with negafivie^pblarity. Tills phenomenon accounts for the apparent discern! 

V-^~ i--" -* * '5-? * r V* * — ■ A ~ " ■ * 



tihuity in: the curve at the tail end. The maximum tuTrn-tb^um^ tail end) is indicated 1 




f USlThe maximum turn-to-turn voltage is therefore 3.4 times the turn-tb-tum voltage of uniform distri- 



r 



T 

I 

t 



t T 



0.6 ■ 



0.2 



-0.2 



-0.4 «- 



-e.e 




10 14 
8 12 
M I cro««cond« 



18 



16 



20 



Figure 2.7-7. Calculated Surge Voltage Waveforms for the 600 MVA Armature 
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Figure 2.7-6. Measured Surge Voltage Waveforms in the 60 kVA Armature 
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2.7*3 Surge Voltage Calculations 1 ! r f 

The surge voltage program was first applied to a small 60 kVA helical coil armature constructed 
several years ago by the Massachusetts Institute of Technology as a portion of their superconduct- 
ing generator effort. This armature was tested with voltage surges, and the voltage distribution 
within the winding was recorded from equally distributed taps placed on the winding. The recorded 
voltage distributions allow a comparison with calculated voltage distributions from the surge voltage 
/ ^*^ program. 

This winding has 90 series-connected coils in a phase-belt, and the conductors are arranged 3 to a 
column, so there are 31 nodes in the winding model. Figure 2.7-5 illustrates the calculated voltage 
waveforms as a function of time for the evenly distributed nodes labeled in the figure. Figure 2.7-6 

■f 

O 



Figure 2.7-4. One Cell of the Ladder Model 
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^ Some difficulties were encountered when this program was initially utilize*!.: THe initial syinptb; 
ii< I • * '1 W???- o.Hjnierical" instability, ) as witnessed by its rapidly diverging ahswerp, - After some ji^ 

4tfif;.| vVestigatioti^ii was discovered that the problem was in the inverted ' induc^^/matH£' ItTb&i -ffiBtrs 



matrix 



I 

hi; 



t\ ( f I elements which were both very large and which carried the wrong sign Corresponding torlega- ; 
K 2\ v l ^TO^atoittimce elements^ ~ ftV J&j f:-¥r^| ft £_ I; v' r$ i:£:?4.tSl7l!l n \l% m \% U U i? \ > ) 

t;A; ? ■■ il^a^ *. i ^ & 3.- I £3 S # :V £ i£f ' fe -t ^ U \ j \ fi % f |: | ^tt %\ \ \ H 

■ 3 - It is believed that the reason for this difficulty is that the inductances of the system are very tightly 
coupled. Thus, the inductance matrix consists of elements which are nearly equal, and it is difficult 
to invert, being both nearly singular and ill conditioned. Furthermore, accuracy of the element 
values is critical. 

Several attempts were made to resolve the difficulties arising from tight coupling. These included 
efforts to increase the accuracy of calculation of the inductance parameters, the use of transforma- 
tion techniques, the use of high-precision arithmetic, and the use of different inversion techniques. 
The solution eventually adopted is the one which recognizes the very close coupling between 
branch elements. This solution, which is clearly approximate, gives good results and has the added 
advantage of avoiding one inversion. 

To see how this technique works, assume that the armature may be represented by a ladder-type 
structure as shown in Figure 2.7-3. 




Figure 2.7-3. Ladder Model of Inductances 
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h£ arid* represent voltages at the various "uidcrio^n voltege" (ihtenwl) ind "known voltage*^ ^"1 
(terminal) nodes, respectively. The matrix (7 has been partitioned into four submatrices: O^J ahh 

are square and represent admittances within the unknown and known node groups, respective- 

ly. and are nonsquare and represent coupling between groups! 



Splitting oflF the top part of Equation 2.7-29 gives 

G QQ v u + G ab v k + I* - 0 t 



(2.7-30) 



where /„ is the "unknown voltage" node portion of 7^ + 7^. The unknown voltages are found 
from Equation 2.7-30 by inverting G aa and multiplying: 



where 



ab 



(2.7-31) 



(2.7-32) 



2.7.2-D Time-Step Solution 

The recipe for the time-step solution is now given in the following steps. 

1. Assuming that the history current /„ is known, compute the unknown voltage v u using 
Equation 2.7-31 

2. Since all voltages are now known, it is possible to compute, separately, the capacitive and 
inductive parts of the current by 

inu - G naa v u + G nab v k + /„„ (2.7-33) 
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h ISde dia8 ° nal element corres P° ndi n8 to a node is the sum of all capacitances connected to that 

2 " 2? t T"? elements "« the negatives of mutual capacitances between two nodes. That is 
uie entry C, y is the negative of the directly connected capacitance connecting node / with node 

Integration of Equation 2.7-21 with the use of the trapezoidal rule yields 

G c v„0) - G c v„(/-A/) +_/*(/) +2*(/-Ar) , (2.7-22) 

where 



Equation 2.7-22 is easly manipulated to yield 

IncO) = G c V„(t) + , 

where 



(2.7-23) 



(2.7-24) 



lot 



l„ c (t-At) - G c v n (t-±t) 



(2.7-25) 
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■irr"r. .• - - — i_v.L.i.:.t~u.vtu *. :W »K* 'matrix equattoig: :*.'5?i;i'ivl^f, 

(2.7-8) 



^■winding model the flux-current relationship is «iven by :.fl»mMi 

: ? - i-:^ ^U'licr-ri: 1, ' • ■• : j . • .. . ^i A'T 4! « . V.:: . 

"•' where L is me coupling matrix. Branch voltages are given by 



(2.7-9) 



An expression for current may be found by integrating Equation 2.7-9, inverting Equation 2.7-8, 
and combining the results: 



(2.7-10) 



i,(0-i,(O-i"' J ^ ,)dt 

'a 

Over a suitably short time interval, 

A/ - t — /„ 

and it is possible to approximate Equation 2.7-10 by using the trapezoidal rule: 

l,{t) =i,(,-A/) + L- 1 [ Ht) + v(/-A,)] 

Thus, it is possible to determine current at some time t as a combination of ^« « « ™^ {V 
cent point in time and voltages at two times. This may be formalized by recasting Equauon 2.7-12 

as 

1,0) - G L v(f) + /„ , (2/M ' 



(2.7-11) 



(2.7-12) 



where the admittance matrix is 



and the "history current" is 



L - i/O-A/) + £l v(/-A/) 



(2.7-14) 
(2.7-15) 



2-107 




; > H^f. nil lliiii^f imi« 

■ s -.^>-:i -*^?F?,£n Parameter 0 controls the nse time and the parameter :<r contfols the d^y tme. ; * ; ; 3 

^ parameters used in these studies 'are * 1 /is and 0 ^= 8 mS. % ■ £«W *441 iii* * U HI * 

■ In order thai the magnitude of surge may be reconciled to 100% at its ;crestjthe coefficient ^ is re- 
lated to the exponential parameters a and ^ by : " ['■-..] --" "? i V . .[ \ ft : ' : ;- "j 



toi- 



let 



(2:7-7) 



2.7.2 Trapezoidal Rule Solution for Surge Voltage Distributions 

The trapezoidal rule technique for time-step integration has been employed to solve for surge volt- 
age distributions in armature windings. The considerations in the selection of this technique follow: 

— The armature winding is a large and electrically complex system with a large number and 
wide range of natural frequencies. 

— At least some of the natural frequencies of the armature winding have relatively low fre- 
quency and high Q. 

— Despite the large number of elements in the armature winding model, it is possible to for- 
mulate a trapezoidal rule model which runs efficiently. 

Trapezoidal rule integration is characterized by unconditional stability. Unlike some other time-step 
integration routines, trapezoidal rule integration is not unstable if the basic time step is longer than 
the period of one eigenfrequency. Of course the accuracy of such a solution can not be guaranteed, 
but the errors are generally characterizable as "filtering." That is, the selection of too long a time 
step results in losing high-frequency information. This is not a serious problem in this effort. 

In the earlier stages of this study, a frequency domain approach was attempted. The frequency 
response of the system was calculated for each node and for a range of frequencies. This was mul- 
tiplied by the Fourier transform of the surge waveform, which may be calculated analytically, to ob- 
tain the Discrete Fourier Transform (DFT) of the voltage waveform at each node. Finally, an in- 
verse DFT was used to yield the voltage waveforms. 

The problem with this technique is that the armature winding has several resonances with relatively 
low frequency and high Q. The use of a DFT implies the assumption of a signal that is periodic in 
time, with a period equal to the inverse of the frequency step. Of course the surge is not periodic, 
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admittance matrices .oifi t; 
phase-belt, requiring a i 




Jj^M r^Ite^T^ has airtrart^ use than thafc 

j of tie full model, because internal caparitances>etwe^ adjacent inductors are ignored 1 

•The str^ure of the reduced-order model is illiistrated inlFigure^ 2.7t2il.: HJf ;y r -..1 ; ■: ^MmI* 

Paindlel-piate capacitance expressions are assumed to be sufficiently accurate for the capacitiye ele-f \\\ 
ments. The capacitive elements in the reduced-order' model can be evaluated from caparidve comj ' 
ponents as follows: ^^1-^4]^^ ' : ;.- k ^ - ^UulU 

(2:7-1) 




c,~ c 2 + c 3 + c 4 + c 5 



(2.7-2) 



where 

C\ is the capacitance between peripherally adjacent conductors (calculated for the full turn 
length) 

Cj is the ground capacitance of the innermost conductor of the inner conductor layer 

C 3 is the ground capacitance of the outermost conductor of the inner conductor layer, as 
viewed across the center and outer insulation cylinders. 

C 4 is the ground capacitance of the innermost conductor of the outer conductor layer, as 
viewed across the center and inner insulation cylinders 

C$ is the ground capacitance of the outermost conductor of the outer conductor layer 
n t is the number of conductors in a column 

In the reduced-order model, inductance is handled in the same way as in the full model except that 
there are fewer elements. In this case, a column inductance may be defined for each harmonic or- 
der n: 

*,./.« «.7-3) 

/-i j~\ 




i 



Cm 



"Cs 



Figure 2.7-2. Reduced-Order Model Structure 
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5J ^Mlt motfdbe possible to model the armature wmdmg in a "«a«^-*M 
^ 2.7-1. ,;TCe nodes in this figure "are arbitrarily chosen and might represent coil eriffaf Between ] - 
these nodes are inductance elements; representing coil inductance; All of these elemenUwrD^be " 
coupled and so have mutual- as well as self-inductance. There will also be some series resistance, ! 
^? h ,™?y Ift included in the model/ The wpacitive elements will Couple pairs of hod^ togethek" ' 
apjl^ffl couple nodes to ground. These capacitiye elements wiU app^ s 
pairs of nodes, not just adjacent nodes; so it will probably be necessary to allow for a Vfull^ capaci- 
tance matrix having capacitance elements between all pairs of nodes. If it is necessary to model ; 
dielectric loss, this can appear as conductances placed in parallel with the capacitive elements. No^e 
that series resistance and shunt conductance may be frequency dependent. ; 
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coolant streams are not as short and wide, so the thermal resistances of convection are increased. 
However, each stream receives only half of the previous heat input, and the result is that the tube- 
wall-to-coolant temperature rise is not greatly affected. The coolant stream cross-sectional area is 
reduced by the amount of area that the center walls consume, while the coolant flow friction 
coefficient is reduced by the use of the more regular stream aspects. The overall effect of the em- 
ployment of cooling tube center walls is that a slightly greater liquid pressure drop is required to 
maintain the hotspot temperature limitation. Figure 2.6-16 illustrates a cooling calculation for cool- 
ing tubes with center walls. The conductor and tube dimensions are exactly the same as those used 
in the calculations of Figure 2.6-11, except for the addition of the center walls. The required liquid 
pressure drop is 28.0 psi and the required flow is 918 gal/min, which compares to 22.0 psi and 
891 gal/min, respectively, of the previous calculation. The tube wall bending stress is reduced to 
25,000 psi. 

In conclusion, transil oil appears to be the optimal cooling fluid from considerations of cooling per- 
formance, low cost, and dielectric experience. Only if the fire hazard of transil oil were overwhelm- 
ingly objectionable would there be any inclination to consider the other coolants. 
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20 mils. The cooling tube interior height should not be less than 50 mils. The pressure droo 
should not exceed 60 psu Filaments of 18 AWG are necessary for the inner layer conduct 
while filaments of 16 AWG or 14 AWG will suffice for the outer layer conductors. naUCt0 ™' 
It required placing seven conductors high in a column to minimize the thermal resistances 
suffiaently Twenty-two psi pressure drop is then required to circulate enough coolant to limit the 
hotspots. The hotspot of the inner layer is 89.6 »C and that of the outer layer is 88 0 4 Se 
coolant outlet temperatures of the inner layer range from 58.9 "C to 63.9 «C, encompassing the 
n«w vSn C °r TS*- tem P erature plated earlier by the averaged method. The coolant stream 
flow ve oc t.es of the inner layer range from 39.7 in./s to 42.5 in./s, encompassing the 41 5 SjT 
flow velocity calcu ated earlier by the averaged method. The same agreement is also found Tor 
these quantities calculated for the outer layer. Considering the good agreement between the , cool- 

^.tZ^ZZ™?- q T detenn u med ^ both the av «aged method and the laddered thermal cir- 
cuit method, it issafe to assume that the other quantities calculated by the averaged method are 
fairly accurate. The Reynolds numbers indicate that the flows are indeed laminar The Srfcver 
requires 492 gal/mm of coolant, and the outer layer requires 399 gal/min, for a total of * 
891 gal/min. This amount of flow is considerably larger than that required by a 600 MVA conven- 
tional generator, but ,t is hardly surprising, considering that the allowed hotspot temperature ie 
much lower and that transil oil is an inferior coolant compared to water. This amount of flow % 
however, perfectly within the practice of large power transformers. ' 

The heating of the cylinder insulations is indeed minimal, judging from the low coolant outlet tem- 

SSST ?.° W C t ,CU, t ted f ° r thC insu,ation - °ne ™y be tempted to eliminate the insulatL 

cooling passages altogether; however, such axial passages will be required to facilitate the drying 
and impregnating of the insulation. Also, the use of cooling passages will guarantee that there will 
femperatuS rUn3Way ' * phen0menon relatin 8 to the risin 8 dissipation factor accompanying rising 

S^^'fn T^T ? calculati ° n usin « Freon 1 13 ^o'ant. The same design dimensions that 
were used for the calculate with transil oil coolant are retained. The calculations, however may 

JZIST ^T,? th3n thC C °° lant P r °P erties ° n "hich they are based. (The stated cooling prop- 
ZZ< mC u Ufed 31 30 ° C ' without any ^mperature relationship.) The greatest 

advantage in using Freon is that the flow conditions are turbulent, and the convection heat transfer 

Iritu I? TH PrOVCd K Th ! S n all ° WS - thC fl ° W t0 bC dCCreaSed Whi,e maintaining the same hoiotTem 
perature. The combined flow ot the inner and outer conductor layers is 728 gal/min and the pres- 
sure drop 1S 9 0 psi. The flow and pressure drop for the transil oil calculation are 891 gaVrntn and 
Zl«Z SPe f VCly - ThC *Z redUCU ° n f ° r Fre ° n is certain * not spectacular, and when one con 
?; d !,?vi 8 , eXPe , nSe , and , reqUired P ressuri2 ^ion, the option of using Freon may not be as at- 
tractive as using transil oil. Also, the dielectric experience with Freon is limited. 

fhfn'fhf; 6 "^ COn ? in ? \ calcu ,! ati L on usin « silic °ne o« volant. The viscosity of silicone oil is greater 
than that of transil oil while the heat capacity of silicone oil is less, and the two combine to produce 
inferior cooling performance. The required flow is 1355 gal/min with a pressure drop of 80 psT 

SiT^' m ° r , e °° 8 cross - s L ectional area is needed, requiring a larger machine size, or a silicone 
oil having a lower viscosity than that identified in Reference 2.6-1 would be needed. 

IIZZ ment , i .° ned ear,ier that a Auction in the equivalent thermal resistance of convection is ob- 

crZ JLf g C °,T ng '"J" ° f 3 VCry Sh ° rt 3nd Wide as P ect Such coo,in 8 wi" suffer in- 
thfllJl , K UrrCn , k SSCS ' Ut ' m ° rc im P° rtantI y- 'he bending stresses of the horizontal walls of 
the cooling tubes will become excessive. The maximum radial winding pressure during sudden 

t°e sSn 24 2 C ) a,C T h ated '° * 608 PSi com P ressiv e at the location of the inner conSucto^er 
Z rrll , u T J PreS , SUre produces 3 114 '°0° Psi bending stress in the horizontal walls of 
Tor this nrob.^Tn . n 6 y ' e ' d f^H or J taM * ss s «* 1 * only 35,000 psi. The preferred solution 

sfde bv Sde Boih ™„ ? C °° ir 8 tUbCS h3Ving Center wa,,s or to utilize sma,,er twin < ub es Pl a «d 
? ? T P $ " e ,1,ustrate d in Figure 2.6-15. These tube configurations lower the 
7 y Sh0rtenm8 the beam s Pan over which the pressure is applied. The effect of 
these tube configurations on the cooling performance is minor. The aspects of the individual 
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The machine losses are summed together under "Winding Efficiency." The components of losses 
ieedTo explanation except for the liquid pumping losses, which are merely the factional losses of 
the fluid flow. The efficiency drop is the total losses divided by the power ratmg of the machine. 
Finally, the detailed temperature and flow calculations performed by the laddered thermal circuit 
method are listed as "Detailed Temperature and Flow Velocity Profiles." All coolant stream tem- 
peratures, cooling tube temperatures, and conductor midline temperatures are listed for each oca- 
Son id the individual coolant stream flow velocities are also given. The legend for interpreting 
the temperature listings is on Figure 2.6-12. 

The ultimate criterion for the design of the winding and its cooling is that no winding temperature 
should greatly exceed 90 The winding hotspot will be found at the conductor midline of the 
ce"mef conduct" of the stack at location 11. There are three methods for limiting the hotspot: 
one reduce "he generated losses of the conductor and cooling tube; two, reduce the temperature 
ris^from the coolant stream to the conductor midline; and three, reduce the coolant temperature 
rise from inlet to outlet. Reducing generated losses can be accomplished by reducmg eddy current 

LOCATION XX 

top-most coolant temp.— -XX.X XX.X* to P « st tube tenp - 

XX.X-^toP'" 105 * conductor temp. 
S econd-to-top coolant temp.-— XX. X X X . X^second- to-top tube wall temp. 

XX.X"*" second " to " top conductor temp. 



XX second- to -bottom conductor temp. 

s econd-to-bottom coolant temp .^-XX.X X X. X- 1 second-to-bottom tub. wall temp. 

X X. X"*~ bottom-most conductor temp. 

i -. . v V V V Y Y_«— bottom-most tube wall temp. 

bottom-most coolant temp. *~AA.A A j\ . /\ 

Figure 2.6-12. Interpretation of Temperature Profile Listings 

losses or reducing I 2 R losses or both. Eddy current losses can be limited by using very small fila- 
ments in the conductors, and this technique is particularly important for the conductors of the inner 
layer where the magnetic flux is intense. Reducing I 2 R losses must be accomplished by increasing 
the copper cross-sectional area, but there may be space restrictions preventing such an increase. 
Also the added copper increases the eddy current losses so that a situation of diminished returns is 
realized. Reducing the coolant temperature rise from inlet to outlet is accomplished by increasing 
the flow a technique that is contrary to minimizing pumping capacity. The most effective tech- 
nique for limiting hotspots is to reduce the coolant stream to conductor midline temperature rise by 
reducing the thermal resistances. The thermal resistance of the conductor half may be reduced by 
utilizing short nd wide conductor configurations. The equivalent thermal resistance of convection 
in the coolant stream is also reduced by employing a short and wide configuration of the cooling 
tube. With the conductor layer height and number of turns already specified, increasing the aspect 
ratios of the conductors and cooling tubes is accomplished by increasing the number of conductors 
stacked in a column. The winding design being discussed uses seven conductors in a column. It is 
important, however, that the aspect ratios not be excessive since the conductors and cooling tubes 
will become unwieldly. Also, the cooling tube eddy current losses will become excessive. 
Several recommended design constraints should be followed. The electrical stress on the vertical 
divider should not exceed 100 V/mil. The cooling tube wall thickness should not be less than 
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tube temperatures now both known, the heat input to each coolant stream can be calculated 
r. coolant stream temperature-rises over the length of the first segment can be calculated from a 
mula similar to Equation 2.6-5, finally arriving at the coolant stream temperatures at location 2 
rse now become the coolant temperature inputs to the thermal circuit at location 2 allowing the 
--mal circuit at location 2 to be solved. This laddered sequence of thermal circuit calculations 

coolant rise calculations proceeds until the end of the winding is reached (location 11). 

■t 'calculation ladder just described constitutes but one iteration of the entire temperature calcula- 
: - process. At the first iteration, all coolant stream viscosities and all metallic electrical resistivi- 
are calculated at 45 °C. For subsequent iterations, the coolant viscosity of each coolant stream 
■£ :alculated at the coolant stream temperature at location 6 of the previous iteration and the met- 
ric electrical resistivities of all nodes at all locations are calculated at the nodal temperatures calcu- 
.:ced in the previous iteration. The iterations are continued until convergence of each coolant 
£;reajm outlet temperature (temperature at location 11) is obtained. 

7 - e aforementioned equations and calculation procedures have been incorporated into computer 
: ; *rams to allow for rapid calculations and rapid adjustment of design parameters. Calculations 
v ..i ve been performed for the 600 MVA, 345 kV helical coil winding, high-voltage generator whose 
J--S1C dimensions were calculated in Section 2.2.2. This machine has insulation rated at 50 V/mil 
md has a 300 A/cm 2 overall armature current density. Calculations have been performed with the 
- mzation of each of the three identified coolants. 

Figure 2.6-11 shows the computer output for a design using transil oil coolant. The output begins 
■mn a listing of the cylinder radii and active length (as taken from the sizing studies). This is fol- 
ded by a listing of the terminal current, circuit current, and calculations of the magnetic flux den- 
::::es at the inner and outer conductor layers. Next, a large set of calculations is repeated for both 
•.ue inner and outer conductor layers and is tabulated under the respective headings "Inner Layer" 
and "Outer Layer." These sets contain conductor dimensions, conductor filament compositions, 
cooling tube dimensions, averaged cooling performance (assuming equal distribution of the losses 
into the coolant streams), and the losses under these conditions. These sets provide a generalized 
view of the winding performance. The detailed cooling and temperature calculations of the lad- 
dered thermal circuit method are contained in a later section. The generalized set begins with a 
listing of the number of turns per phase belt, the number of conductors stacked in a column the 
conductor and hydraulic length (which is longer than the axial active length due to the helix' 
l^Dmetry), the helix angle, and the "slot-width" (the distance between adjacent conductor 
-oiumns). The subsection "Conductor Specs" describes the filament wire gauge, the filament ar- 
^ngement, the conductor external dimensions, the copper area, and the copper current density 
, ne subsection "Vertical Divider" describes the thickness of the divider and the voltage stress due 
o the voltage that appears between peripherally adjacent conductors. The subsection "Coolant Pas- 
sage" describes the dimensions of the cooling tube interior, its area, and the hydraulic diameter 
ihe subsection "Stainless Steel Cooling Tubes" describes the wall thickness of the tubes, the thick- 
ness of the insulation wrap, the external dimensions of the tubes, and the tubes' eddy current 
■osses. The subsection "Conductor Losses" describes the I 2 R losses (dc losses) and the eddy 
-T-jrrent losses (ac losses) of the conductors. The subsection "Cooling Performance (Averaged)" 
describes the cooling performance under the assumption that the losses are equally distributed into 
he coolant streams. The pressure drop and coolant inlet temperature are input. The flow velocity 
,otal flow-volume rate of the entire winding layer, Reynolds number, and coolant outlet tempera- ' 
:ure are shown. 

After the averaged cooling calculation set is repeated for the outer layer, a set of calculations devot- 
£o the cylinder insulations is listed under the heading "Insulation." First, the total insulation 

oiume is listed. The percent cooling area is the proportion of the insulation cylinders' cross- 
:=aionaI area that is devoted to cooling passages. The dimensions of individual cooling passages 

oilow. The losses are calculated on a per-unit-voiume basis and the dissipation factor of the insu- 
-non is given. The same set of averaged cooling calculations described for the winding layers is 
i"ed next. 
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tor and cooling tube; temperature nodes for each conductor, cooling tube, and coolant stream; and 
the appropriate thermal resistances to link them together. The temperature nodes marked **TGP" 
are coolant stream average temperatures and these temperatures are input for the circuit solution. 
At location 1, for instance, the coolant average temperature for all tubes is the. coolant inlet tem- 
perature of 45 °C (the industry standard for turbine-generator cooling systems). The coolant tem- 
perature nodes are linked to the cooling tube temperature nodes by resistors marked "RS". These 
are the equivalent thermal resistances of convection, and are defined by 

resistance of convection ( "RS") — 

from the convection temperature drop equation (2.6-13). Values of RSaxt determined from the 
modified Nusselt number relationships, Figure 2.6-8, or Equation 2.6-16. The entire cooling tube 
wall is assumed to be at a uniform temperature, implying negligible thermal resistance and allowing 
it to be modeled as a single temperature node. Each cooling tube node has a heat input, marked 
"QT*\ which represents the cooling tube eddy current losses. The cooling tube nodes are linked to 
the conductor midline nodes by thermal resistances marked "RTW*\ representing the thermal re- 
sistance of the cooling tube insulation wrap, and "RC", representing the thermal resistance of a 
conductor-half. Each conductor midline node has a heat input marked "QC", which represents the 
conductor I*R losses and eddy current losses. At this point, the reader may note a discrepancy in 
that the losses of the conductor are uniformly generated over the cross-section of the conductor 
and are not nodally injected, as the model represents. The model would therefore calculate a con- 
ductor edge to conductor midline temperature rise that is too large. This assertion is absolutely 
correct; however, Appendix D demonstrates that the correct temperature rise can be calculated if 
the conductor-half thermal resistance is reduced by exactly one-half from its actual value. The 
thermal conductivity of the conductor must be estimated from graphs (Ref. 2.6-5) relating this 
quantity to the thermal conductivity of the filament insulation and the amount of metal in the 
cross-section of the conductor. A value of 5.5 times the filament insulation thermal conductivity is 
used in this model. The thermal conductivities of the various materials in the winding are listed in 
Table 2.6-3. The top and bottommost cooling tube temperature nodes are joined to thermal resis- 
tances marked 4t RHD", which represent the pressboard horizontal dividers. The RHD resistances 
are in turn connected to grounded temperature nodes marked "TINS'*. These represent the tem- 
perature of the cylinder insulations. The heating of the cylinder insulation is so minimal that these 
temperatures are kept at 45 °C over the entire length of the winding; hence their grounded 
representation. 

Table 2.6-3 



THERMAL CONDUCTIVITIES OF THE WINDING MATERIALS 



Filament Insulation 


watts 

0056 in'C 


Conductors 


.0308 


Oil-Impregnated Pressboard 
(Cooling Tube Insulation Wrap, 
Horizontal Dividers) 


.0028 


Stainless Steel Cooling Tubes 


assumed infinite 



The inputs to the described thermal circuit are the resistance values, the heat inputs, and the 
coolant stream temperatures. The resistance values and heat inputs are calculated on a per-unit- 
length basis. The circuit is solved for the temperatures of the cooling tubes and the conductor mid- 
lines, and the formulation to produce this solution is described in Appendix E. 

The thermal circuit at location 1 is calculated first, with the coolant stream temperatures of all tubes 
set at the coolant inlet temperature of 45 °C. The circuit is solved to produce the cooling tube tem- 
peratures and the conductor midline temperatures. With the coolant stream temperatures and cool- 
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RHO 



RHD- RESISTANCE OF HORIZONTAL DIVIDER 

- RESISTANCE OF COOUNG TUBE INSULATION WRAP 

- RESISTANCE OF CONDUCTOR HALF 

- EQUIVALENT RESISTANCE OF CONVECTION SURFACE RISE 

- CONDUCTOR HEAT INPUT 

- COOLING TUBE HEAT INPUT 

T< )- TEMPERATURE OF COOLING TUBE > ODD ARGUMENT 

- TEMPERATURE OF CONDUCTOR CENTER, EVEN ARGUMENT 
TCP( )- COOLUil TEMPERATURE 

TINS - TEMPERATURE OF CYLINDER INSULATION (45* C) 



TINS 



Figure 2.6.10. Thermal Resistance Circuit for the Calculation of Winding Component Tern- 
peratures 
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A«p*ct ftatlo 



.1 .i .*j .t .* .« 

Figure 2.6-8- Modified Nusselt Number vs. Aspect Ratio for Laminar Flow in Rectangular 
Ducts 



Table 2.6-2 

COOLANT THERMAL CONDUCTIVITIES 



Freon 113 Transil Oil Silicone Oil 
.00340 .00383 



.00191 



watts 



in°C 



Location 
1 2 



coolant In 



6 



8 



9 



10 1 1 



i i i 



coolant out 



Figure 2.6-9. Segmentation of Winding for Cooling Calculations 
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"ATIs the temperature difference between the tube will arid the coolant average "temperature! TK* 
major problem with Equation 2.6-12 is determining a single numerical value of convection ' 'Ify 
coefficient that describes the complicated process of heat transfer in forced convection. The results 
differ for turbulent and laminar flow. Heat transfer theory shows that the convection coefficient, 
tube hydraulic diameter, and coolant thermal conductivity are intimately related with a quantity * 
called the Nusselt number: 



Na 



hD 
K 



(2.6-14) 



A single numerical value of Nusselt number can be analytically determined for laminar flow in a 
circular tube. For other situations (laminar flow in a rectangular tube or turbulent flow in any 
tube), Nusselt numbers are empirically determined. For laminar flow in rectangular tubes, the 
Nusselt number is a function of the aspect ratio of the tube only, while for turbulent flow,' the 
Nusselt number is a function of the Reynolds number and of coolant properties. The Nusselt 
number can be made to relate to the temperature drop Equation 2.6-13 if the hydraulic diameter, 
D, can be replaced by the tube perimeter, S. Therefore, this discussion defines a modified Nusselt 
number as 



N d = -77- vV,(2+a+-) 
A. a 



(2.6-15) 



where a is the rectangular tube aspect ratio. 



The numerator of the modified Nusselt number is identical to the denominator of the temperature 
drop equation, and calculation manipulations are consequently facilitated. The modified Nusselt 
number for laminar flow, derived from Reference 2.6-4, is a function of aspect ratio only, and is il- 
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The eddy current loss of a rectangular stainless steel cooling tube is 



(2.6-10) 



24 Pj 

where h — tube height, m 
w - tube width, m 
h' — internal height, m 
w' — internal width, m 

The effect of increasing temperature is to increase the electrical resistivities, resulting in increased 
PR losses and reduced eddy current losses. 

Cooling calculations can also be performed for the insulation cylinders. The insulation cylinders 
have rectangular cooling passages which are regularly interspersed throughout the insulation cross- 
section, run axially from end to end, and connect with the end-region fluid reservoirs. The losses 
per unit volume within the insulation are 



W 



<a € c 0 E 1 tanS -^r , 



(2.6-11) 



where € — relative permittivity 

€ 0 - permittivity of free space, 8.85 x 10" 12 Ffm 
E - electric field strength, V/m 
tanS — dissipation factor 

The insulation cooling calculations are performed for oil-impregnated pressboard. The relative per- 
mittivity and dissipation factor of this material are temperature dependent, and curves for these 
properties are contained in Figures 2.6-6 and 2.6-7 (Refs. 2.6-2 and 2.6-3). 

The calculation of internal hotspot temperatures is necessary to ensure that the temperature limita- 
tions of the involved electrical insulation materials are not compromised. Pressboard insulation in 
particular is sensitive and will begin to suffer mechanical and electrical degradation at temperatures 
above 90 °C. The hotspot locations in the winding configuration will be at the conductor centers, 
but owing to the mechanism of heat transfer specific to this winding configuration, the hotspots are 
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Figure 2.6-4. Viscosity of Transil Oil and Silicone Oil vs. Temperature 




Figure 2.6-5. Specific Heat of Transil Oil vs. Temperature 
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\2 Aspect FUtto of Duct 

' 1 1 1 I 1 I 1 I 1 I 

.1 -X Jt .4 .1 .« t j> 

Figure 2.6-3. Laminar Flow Friction Coefficient for Rectangular Ducts 



Table 2.6-1 
COOLANT PROPERTIES 









Freon 113 


Transil 
Oil 


Silicone 
Oil 


Density |- 


lb 

in. 3 , 




0.056 


0.0303 


0.0347 


Viscosity 


lb 


3.47 x 10" s 


Fig. 2.6-4 


Fig. 2.6-4 


s— 


in. I 


Specific Heat 


watt — s 




413.8 


Fig. 2.6-5 


668.2 


lb- °C 




Flow Condition 


turbulent 


laminar 


laminar 



dence of transil oil and silicone oil deserves comment, because :k these fluids warm up their viscos- 
ity decreases, thereby increasing their cooling performance. This viscosity temperature dependence 
also poses a problem with respect to the cooling calculations. The coolant is heated as it travels 
down the coolant passage, and, correspondingly, its viscosity decreases as it travels down the pas- 
sage. But the flow velocity must be constant over the length of the coolant passage, so according to 
Equation 2.6-4, there must be an equivalent single value of viscosity for the entire length. This 
enigma is accommodated in an iterative cooling calculation procedure which determines the viscosi- 
ty at the coolant passage mid-temperature of the previous iteration. At the first iteration, the mid- 
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* : I^Sf The flow condition is completely laminar 



^ _ a Keynolds nu^ 

tmlent for a Reynolds number above 4000. When the flow ^nditioiTi^^ 
^f^^ior^ related "to the roughness of the duct walls and the size of the 4}^^^^ij^Jm^^^^ 
:E?¥^:. ing the turbulent flow friction factor for a fe^r common pjj^ ma^ 

vV-lfe^; mates must be used.' Theoretically, there b a inaiimum possible turbulent flow friction facto^^^^^ 
K ^|S|: p.018, which is used when required in these calculations. Using the maximum friction factor leads ~ 

it is felt that such calculations wifl not be too far away front y 
; : the actual turbulent flow conditions, based on the experience of fluid flow calculations of conven- 
tional generators. When the flow condition is laminar, the friction factor is based only on the duct 
dimensions and the Reynolds number: i^-i ; ^ -v„V^ ii .^.i ^ : " ; UA':^ '-^^ 

; ^/-;^£:-^;;^r;-:^-^ ^ ^ JL ^ a6 . 3) 

where the friction coefficient, K, is based only on the aspect ratio of the duct, as illustrated in 
Figure 2.6-3. When Equations 2.6-2 and 2.6-3 are combined into Equation 2.6-1, the following 
flow velocity equation which is convenient for laminar flow conditions results: 

_ APgDi jru (2 6 . 4) 

2fiKL s 

If the laminar flow friction factor is of any interest, it can be calculated after determining the flow 
velocity. It is good practice to calculate the Reynolds number, to check that the flow condition is 
indeed laminar. 



After completing its course through the winding, the temperature rise of the coolant is 

W 



AT ' 



C p VAp 



°C, 



(2.6-5) 



where W - heat input per cooling passage, watts 

watt— 5 



C, — specific heat of the coolant, 



(lb-°C) 

A — cross-sectional avee of the coolant passage, in. 2 

The heat input is comprised of the conductor I 2 R losses, the conductor eddy current losses, and 
the cooling tube eddy current losses. 

For coolant passage dimensions which are typical for the described winding configuration, the flow 
condition of Freon 113 is turbulent, while that of transil oil and of silicone oil is laminar. The 
coolant properties of these substances are contained in Table 2.6-1, which refers to property versus 
temperature curves where they exist (Figures 2.6-4 and 2.6-5). The viscosity temperature depen- 
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mm 

mm 



r-=;..-,-_s. . 



f i Frtbn 1134 fFreon is a slightly better coolant 




4A?^^^fej^«« Via, access porb]in; ^c§i^ii;of the Win^g dries' 

i^8?9?i7??ifty!5 ^^Jrequired coolant flc^i^comiiderabijr larger tli^ thaff Te^reil 
I cooled t TOnyeBtUoruJ generators; ;althou^ri£ is within the realm of potent flows *~ ; njJ 
t Designs are performed for each of the three i*t -tiiJ, 



5 identifed coolanti transif oil, si^ne'o^Sitlf^^pp J§ 
, T*?^ 1 P?! f? *H classical high-voltage di^Sialnd &<Mg fluid t^ 

JST 1 ? 11 ^ bir^shoHcpmirig is in its flammability, and owners of equipment using transil biTrau^ffr. ? 
r sist on outdoor locations for the equipment. PCB oil was developed to eliminate the flammability " " 
; problem, but PCB oil has in recent times been outlawed due to its toxicity. Silicone bil has recently ' 
been developed to replace PCB oil as a low-flammable fluid. It can be manufactured in a large ° 
range of viscosities, with the highest viscosity having the lowest flammability, and vice versa. A 
particular grade of silicon oil identified as having suitable nonflammabflity is several times more 
viscous than transil oil (Ref. 2.6-1). Silicone oil is considerably more expensive than transil oil. 
Lastly, Freon 113, a fluorocarbon fluid manufactured by DuPont, is nonflammable and of low 
viscosity. However, Freon 113 has a low boiling point (47.6 °C) and would require pressurization 
in order to be used in machinery at the higher temperatures that are typical of electrical equipment. 
There are other fluorocarbons that have higher boiling points, but they are considerably more ex- 
pensive than Freon 113, which is itself considerably more expensive than transil oil. 

The configuration of conductors and cooling tubes within the winding layer is illustrated in Fig- 
ure 2.6-2. Individual conductors and cooling tubes are alternatingly stacked in a column, and there 
is always one more cooling tube than conductor in the column, so that the column may be flanked 
by cooling tubes at both the top and bottom. The conductor and cooling tube columns are 
sandwiched between vertical dividers, which serve as mechanical support and as electrical insulation 
between peripherally adjacent conductors. The tops and bottoms of the vertical dividers may be ex- 
tended into the cylinder insulations in order to serve as barriers to peripherally directed electrical 
creepage, as described in Section 2.5.2. All adjacent surfaces in the winding layer assembly are 
bonded. The conductors are comprised of transposed copper filaments (14, 16, or 18 AWG 
enamel-coated magnet wire) formed in a rectangular configuration. The filaments may be organized 
into concentric layers having opposite transposition directions. The cooling tubes should be 
wrapped with turn-to-turn insulation in order to prevent radially adjacent conductors from having 
contact through the tube. In order to reduce eddy current losses in the cooling tubes, stainless 
steel is the preferred material, being nonmagnetic and having a high electrical resistivity. The cool- 
ing tubes are not electrically connected and are merely terminated at the ends of the winding. 

The :oo!ing passages of the inner and outer winding layers are fed from the same fluid reservoir at 
one end of the machine and both discharge into a similar reservoir at the other end of the machine, 
so the fluid flow pressure drop will be the same for both the inner and outer layers. Therefore, it is 
convenient to formulate the fluid-flow equations with the pressure drop as input. The flow velocity 
of the coolant is 



V 2/Lp s 



(2.6-1) 
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mostim 



toil 



fipberal jL 
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horizontal divider J t : 



multi-filamentary conductor 



stainless steel cooling tube 
with Insulation wrap 



vertical divider 



Figure 2.5-14. Vertical dividers Used as Peripheral Creepage Baffles 
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4 




7 10 10 
x-dlstance, inches 

Figure 2.5-13. Peripheral Creepage of the 60° Phase-Belt Two-Circuit Delta-Connected Wind- 
ing Calculated Over the Same 90° Path for Successive Instances of Time 
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Zo ho So 7o 

x-dlstance, Inches 

Figure 2.5-11. Creepage Plots for the 600 MVA, 500 kV Monolith Cylinder End Region 
(Case #3) 

An important conclusion to be drawn from these exercises is that the end-region axial creepage sit- 
uation has a limiting effect upon the allowable design stress of the insulation cylinders. It is found 
that higher insulation design stresses (producing thinner insulation cylinders) greatly increase the 
axial creepage stresses. If it was difficult to design an end region at a 500 kV rating with 50 V/mil 
insulation, it may be impossible to design an end region for a 500 kV rating with 75 V/mil insula- 
tion. Similarly, a 765 kV rating would have to use much less than a 50 V/mil insulation design 
stress. 

The design of the monolith cylinder end region must also consider peripherally directed electrical 
creepages. This type of creepage results from the peripheral variation of voltage at the series loops 
and is similar to the phase belt creepage discussed in Section 2.5.2. The solution to this problem is 
the placement of baffles between peripherally adjacent series loops, as illustrated in Figure 2.5-12. 
These baffles extend axially beyond the series loops to a location where the magnitude of the peri- 
pheral creepage is no longer critical. This location may be found by calculating the maximum al- 
lowable peripheral creepage stress and then locating its position with the aid of a finite element 
electric-field solution. 
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Figure 2.5-10. Electrostatic Field Solution of a 600 MVA, 500 kV Monolith Cylinder End Re- 
gion (Case #3) 
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x-dlttance. Inches 

Figure 2.5-9. Creepage Plots for the 600 MVA, 500 kV Monolith Cylinder End Region 
(Case #2) 

Figure 2.5-10 illustrates a refined creepage mound containing convoluted surfaces. The philosophy 
of this mound is similar to the previous one in that it contains surfaces parallel to the series loop 
contour. The wavy shape of this creepage path is preferable to the smoother shape of the previous 
mound. Figure 2.5-11 illustrates the creepage plot of this design. 
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Figure 2.5 8. Electrostatic Field Solution of a 600 MVA, 500 kV Monolith Cylinder End Re- 
gion (Case #2) 
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Figure 2.5-7. Creepage Plots for the 600 MVA, 500 kV Monolith Cylinder End Region 
(Case#l) 

A crude innovation is illustrated in Figure 2.5-8, where a large mound of insulation is added to the 
inner insulation cylinder in the end region. The shape of this mound near the series loops is such 
that the surface is nearly parallel to the series loops and local equipotential lines. The effect of this 
surface is to bring the creepage plot of the lower creepage path into the gray area, as illustrated in 
Figure 2.5-9. 
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Figure 2.5-6. Electrostatic Field Solution of a 600 MVA, 500 kV Monolith Cylinder End Re- 
gion (Case #1) 
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x-dlstance, Inches 

Figure 2.5-5. Creepage Plots for the 600 MVA, 345 kV Monolith Cylinder End Region 
with Rounded Contours 



Designing the end region of a 600 MVA, 500 kV monolith cylinder armature without using less 
than 50 V/mil insulation cylinder stress provides a greater challenge. Figure 2.5-6 illustrates the 
field solution for an end region with these specifications. The radial dimensions^ are from the sizing 
studies of Section 2.2. Figure 2.5-6 is not to scale with Figure 2.5-4. Figure 2.5-7 illustrates the 
creepage plots this design. The upper creepage plot is barely confined within the gray area, 
while the lower creepage plot is well above the gray area. Further innovations will be required to 
qualify a design at this rating. 
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Figure 2.5-4. Electrostatic Field Solution of a 600 MVA, 345 kV Monolith Cylinder End Re- 
gion with Rounded Contours 
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Figure 2.5-3. Creepage Plots of the Upper Creepage Path for the 600 MVA, 345 kV Monolith 
Cylinder End Region 
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Figure 2.5-2. Creepage Plots of the Lower Creepage Path for the 600 MVA, 345 kV Monolith 
Cylinder End Region 
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H* 17" *+« extension distance * 

17' and 27 m 

Figure 2.5-1. Electrostatic Field Solution of a 600 MVA, 345 kV Monolith Cylinder End Re- 
gion 
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ELECTRICAL GREEPA 
♦5.1 = Electrical Creepage Analysis of the End-Region Deslml^ 
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A ' 11 J g Tfe electrostatic field solution of ah armature end region is easily performed oy finite elemen^ anal- 1 
■ ' r r '." • ysis. Figure 2.5-1 illustrates such a solution of a crude end-region geometry for a 600-My>y j f 5 f| 
345 kV monolith cylinder armature whose radial dimensions were determined in the sizing studies : ; 
" of Section 2.2. The field solution is illustrated in the radial-axial plane, 
- I ffy sections of the inner insulation cylinder, outer insulation cylinder, arid coolant region are visible, . ! T 
1 along with outlines of the winding series loops, core, and tank wall. The finite element analysis ac- 
counts for the cylindrical nature of the geometry; the finite element model is actually an annulus 
being viewed in a radial-axial cross-section. The insulation cylinders and coolant regions are given 
dielectric constants of 4.5 and 2.2, respectively, corresponding to a dielectric system of pressboard 
and transil oil. The outline of the series loops is placed at line-to-ground potential, and the outlines 
of the core, tank wall, and inner surface of the inner insulation cylinder are placed at ground poten- 
tial. The lines illustrated in the field solution are lines of constant potential, and the electric field 
vectors must be visualized normally to these lines. The finite element analysis allows the potentials 
and field to possess a sinusoidal variation in the peripheral direction. Most two-pole winding ar- 
rangements produce a twice-per-revolution variation of the potentials and field. 

Three different calculations were performed for slight variations in the geometry of Figure 2.5-1. 
The first calculation utilizes 50 V/mil insulation cylinders and a 17 in. extension from the series 
loops to the tank wall. The second calculation utilizes 75 V/mil insulation cylinders, which have 
the effect of shrinking the radial dimensions. Axial dimensions were kept the same. The third cal- 
culation utilizes 75 V/mil insulation cylinders with the extension distance increased to 27 in. Two 
creepage paths are defined: the upper creepage path, extending from the core to the series loops 
along the outer insulation cylinder, and the lower creepage path, extending from the series loops to 
^ the tank wall along the inner insulation cylinder. The highest creepage stresses are seen to be locat- 

ed near the core on the upper creepage path and near the series loops on the lower creepage path. 
High creepage stresses at such locations can initiate a creepage failure along the entire length of the 
creepage path. Numerical values of these creepage stresses are contained within Figure 2.5-1. The 
effect of going from 50 V/mil insulation to 75 V/mil insulation is to increase the creepage stress at 
both locations. Increasing the extension distance does not affect the creepage stress at the lower 
creepage path. The creepage stresses are apparently a strong function of the insulation cylinder 
thickness and a weak function of the axial extension. 

A criterion of the creepage stress along a creepage path can be performed by plotting the average 
creepage stress as a function of path distance on log-log paper. The average creepage stress is 
defined as 

V — V 

T o r X 



where V 0 is the voltage at the path start and V x is the voltage at distance x along the creepage path. 
Such a plot is illustrated in Figure 2.5-2 for the lower creepage path. The criterion is applied by su- 
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. \ \ ' *• : \ ' ■[ " I - Table 2.4-2 

STRESSES OCCURRING AT 180° AFTER SUDDEN SHORT CIRCUIT 



Stress 


Figure No. 


Max, psi 


Min, psi 


Stress Line 
Increment, psi 


Radial Stress, 

Armature Structure 


2.4-28 


74 


-608 


40 


Radial Stress, 
Core 


2.4-29 


361 


-566 


50 


Peripheral Stress, 
Armature Structure 


2.4-30 


866 


-303 


80 


Peripheral Stress, 
Core 


2.4-31 


2938 


-1672 


250 


r-0 Shear S'-iss, 
Armatu.c .structure 


2.4-32 


184 


-177 


20 


r-0 Shear Stress, 
Core 


2.4-33 


444 


-440 


50 
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Figure 2.4-31. Contour Plot of the Peripheral Stress in the Core, 180° after Sudden Short Cir 
cult, High-Modulus Polygonal Interface 




Figure 2.4-32. Contour Plot of the r-0 Shear Stress in the Armature Structure, 180° after Sud 
den Short Circuit, High-Modulus Polygonal Interface 
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Figure 2.4-29. Contour Plot of the Radial Stress in the Core, 180° after Sudden Short Circuit, 
High-Modulus Polygonal Interface 
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Rgure 2.4-27 illustrates exaggerated deflections of the armature structure and core with the high 
modulus interface at 180° after sudden short circuit. Only half of the geometry is modeled in this 
figure because of the symmetry of the winding loading. At the armature inner surface, the max- 
imum outward deflection is .0262 in. and the maximum inward deflection is .0128 in.. At the core 
outer surface, the maximum outward deflection is .0166 in. and the maximum inward deflection is 
.0132 in. The interface separates at the several locations indicated in the figure, and there is also 
sliding motion at the interface at locations where the radial lines are discontinuous. The maximum 
sliding motion is .0088 in. The stresses produced in the armature structure and core at 180° after 
the fault are presented in Figures 2.4r28 through 2.4-33. Table 2.4-2 summarizes the information 
presented in these figures. 

Many of the stresses are somewhat higher than those calculated for the perfectly bonded interface, 
and it is not surprising to find many of the stress maximums located right at the boundary of the 
polygonal interface. However, all calculated stresses are well within the stated mechanical proper- 
ties of pressboard (Table 2.1-2). 
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Figure 2.4-26. Contour Plot of the r-0 Shear Stress in the Core, 90° after Sudden Short Circuit, 
High-Modulus Polygonal Interface 
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Figure 2.4-24. Contour Plot of the Peripheral Stress in the Core, 90° after Sudden Short Cir- 
cuit, High-Modulus Polygonal Interface 
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Figure 2.4-22. Contour Plot of the Radial Stress in the Core, 90° after Sudden Short Circuit, 
High-Modulus Polygonal Interface 
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Figure 2-4-20. Deflection of the Armature Structure and Core, 90° after Sudden Short Circuit, 
, High-Modulus Polygonal Interface .-_>. 
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The first case uses a modulus of 1000 psi. This case can be visualized as having an unbonded 
0.060 m.-thick piece of rubber inserted between the armature structure and the core. The second 
case uses an interface modulus equal to that of the core, 17 x 10 6 psi. This case can be visualized 
as having the armature structure inserted into the core with a line-to-line fit at the interface. 

Figure 2.4-19 illustrates exaggerated deflections of the armature structure and core with the low 
modulus interface at 90° after sudden short circuit. The armature structure has twisted consider- 
ably and the elements at the interface appear to be interfering with each other. The elements do 
not actually interfere, and the illusion is due to the deflection magnitude being scaled to a consider- 
ably greater value than that to which the geometry is scaled. Tangential sliding of the armature 
structure, however, is indeed present and is of the alarmingly great magnitude of .447 in. Such a 
great deflection would surely damage the rubber in the interface, so this design approach must be 
judged to be undesirable. Further discussion of this design will not be presented. 

~ gure 2.4-20 illustrates exaggerated deflections of the armature structure and core with the high 
modulus interface at 90° after sudden short circuit. The sliding motion at the interface here is only 
.087 in. The interface also separates at the trailing sides of the vertices. The stresses produced in 
the armature structure and core at 90° after the fault are presented in Figures 2.4-21 through 
2.4-26. Since a material and physical discontinuity occurs at the polygonal boundary, accurate stress 
contour plots can be obtained only by displaying the armature structure separately from the core. 
Table 2.4-1 summarizes the information presented in these figures. 
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den Short Circuit 



2-4.2 Mechanical Stress Analysis of the Polygonal Core-to- Armature Interface 

A polygonal-shaped core-to-armature interface has been proposed as a practicable means of contain- 
ing the armature structure within the core without resorting to the bonded core-to-armature inter- 
face described in the previous section. An unbonded interface would allow for an easier assembly 
of the armature into the core and would allow for later disassembly if it should become necessary. 
Motion of the armature structure within the core is constrained by interference at the flats of the 
polygonal interface. 

Figure 2.4-18 illustrates the finite element model of the armature structure and core with a polygo- 
nal interface. The armature structure extends from the inner diameter to the polygonal boundary. 
The core extends from the polygonal boundary to the outer diameter. Additional elements are add- 
ed at a couple of the vertices for increased stress resolution. The modulus of the core is 
17 x 10 6 psi and the moduli of the insulation cylinders and the conductor cylinders is 1 x 10 6 psi. 

In modeling the interface between the armature structure and the core, a special element has been 
used which can transmit only compressive forces across the interface. The element will not prevent 
the interface from separating, nor .viii it transmit a shear force across the interface; therefore, the 
polygonal geometry of the interface is the only means by which the winding is immobilized, similar 
to a nut within a socket. The element used at the polygonal interface is one for which a length, 
cross-sectional area, and modulus can be specified. The radial length of the interface is 0.060 in. 
Two different modulus cases for the interface elements are analyzed. 
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•Figure 2.4-15. Contour Plot of the Peripheral Stress, Low-Modulus Insulation, 180° after Sud- 
den Short Circuit 




4t M 



Figure 2.4-16. Contour Plot of the Radial Stress, Low-Modulus Insulation, 180° after Sudden 
Short Circuit 
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Figure 2.4-14. Deflection of the Armature Structure and Core, Low-Modulus Insulation, 
after Sudden Short Circuit 
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Figure 2.4-11. Contour Plot of the Peripheral Stress, Rated Load 
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Figure 2.4-9. Contour Plot of the r-0 Shear Stress, 90" after Sudden Short Circuit 
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Figure 2.4-5. Contour Plot of the r-0 Shear Stress. 180" after Sodden Short 



Circuit 



The next calculation to be discussed is the condition of sudden short circuit 90° after the fault 
This condition has the largest tangential loading on the winding. The radial loading is also large 
but not as great as exists at 180° after the fault. Figure 2.4-6 illustrates exaggerated deflections of 
the armature structure. As might be expected, the deflections are smaller than the case at 180° 
after the fault. The outward deflections are larger than the inward deflections, indicating the pres- 
ence of a hoop strain. The peripheral stress and radial stress are illustrated in Figures 2.4-7 and 
2.4-8, respectively, and the stresses are lower than those found at 180° after the fault. The same 
can be said for the r-0 shear stress illustrated in Figure 2.4-9, where it is seen that the largest shear 
stress within the conductor and insulation region is about 160 psi. Therefore, although the condi- 
lon of sudden short circuit at 90' after the fault has the largest tangential loading of the winding 
the largest shear stresses are produced by the greater deflections of the armature structure at 180° 
alter the fault. 

2?°? J 4 *- ° iS &a exa 8gerated illustration of the armature structure deflections under rated load. 
The deflections are expectedly very low. The outward deflection is equal to the inward deflection at 
the armature structure inner surface, while at the core outer surface, the inward deflection is 
greater than the outward deflection. This is due to the compressive hoop strain caused by the core 
inner surface pressure, which dominates over the outward tensile hoop strain of the winding pres- 
sure. It is only at the rated load condition that the core inner surface pressure is anywhere compa- 
rable to the winding forces. Contour plots of the peripheral stress, radial stress, and r-0 shear stress 
are contained m Figures 2.4-11, 12, and 13, respectively. The stresses are also very small. 
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Figure 2.4-4. Contour Plot of the Radial Stress, 180° after Sudden Short Circuit 
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calculation to be discussed is the condition of sudden short circuit 186* after the fault 
i r'? ur f 2 ; 4 " 2 . ffl««rates exaggerated deflections of the armature structure and core: witn the' dotted 
: lines indicating ^ t un deflected positions. At the armature structure inner surface, the maximum 1 
outward deflection is 10.3 mils and the maximum inward deflection is 4.2 mils. At the core outer 
surface, the maximum outward deflection is 6.1 mils and the maximum inward deflection is 
4.2 mils.. The reason that the outward deflections are greater than the inward deflections' can be ex- 
plained from the nature of the force distribution. The largest force component is the radial winding 
force, which is approximately equivalent: to the form 



' F * F 
cos 2 * - ~ + ~y cos 29 



The nonvarying component produces a tensile hoop strain of constant outward deflection around 
the periphery while the cos 29 term produces an ovalization strain of sinusoidal variation around 
the periphery. The ovalization strain adds to the hoop strain at the maximum outward deflection 
and subtracts from the hoop strain at maximum inward deflection, thus explaining the difference 
between maximum outward deflection and inward deflection. Figure 2.4-3 is a contour plot of the 
peripheral stress. Values of the stresses at the contour lines are listed in the figure and minimum 
and maximum points are marked. The dotted line is the contour of zero stress. The maximum 
peripheral stress is 1512 psi tensile in the inner insulation cylinder. The minimum peripheral stress 
Unaxunum compressive) is 445 psi in the core. Figure 2.4-4 is a contour plot of the radial stress 
Both the maximum tensile stress of 131 psi and maximum compressive stress of 561 psi occur in 
the inner conductor layer. Figure 2.4-5 is a contour plot of the x-6 shear stress. This is considered 
to be an important quantity because it is in such an orientation as to delaminate the insulation 
cylinders or the conductor to insulation bonds. The maximum shear stress of 235 psi is found in 
the center insulation cylinder, although a shear stress of 200 psi is found all the way from the inner 
conductor layer to the core. 
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Figure 2.4-1. Finite Element Model of the Armature Structure and Core 
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' The force disuMons at 90° after the moment of fault are illustrated in Figures 2.3-7 apd 2^^,- . 
The origin of the peripheral coordinate (0 +. 0) Corresponds to the magnetic axis of one ofthfe. 
f phases. The magnetic axis of the field winding was aligned the origin at the moment of fault, 
' In addition to the winding forces^ "th* core experiencesa force of attraction from the radial com- 
ponent of fiux at the core inner surface. The expression for this inward pressure is derived in 
Reference 2.3-1, and is 



5 - 1 *i 
P 2 IT, 



(2.3-8) 



where B R is the total radial flux density at the core inner surface. The core pressure distributions 
for 180° after sudden short circuit, 90° after sudden short circuit, and rated load are illustrated in 
Figure 2.3-9. 
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U I iUustrated liver only \ 80^ since they repeat pyerlhe next 1 W5 The di^ntfauitiM;arise from the f 
I different values of currents in adjacent phase belts; ^ ^ 

fc corresponds to the magnetic axis of a phase having maximum instantaneous current. 'Vh%\Xzi*-Mi 

A three-phase fault from rated open-circuit voltage at the generator terminals will cause abnormally 
large armature currents and consequent large forces on the armature winding. It is well known that I 
the armature fault currents contain both dc and ac components, owing to the requirement that the 
armature current cannot change instantaneously at the moment of fault The ac component of " : 
current produces a routing magnetic field, while the. dc component of current produces a stationary 
magnetic field of equal magnitude. The two fields oppose each other at the moment of fault, and 
assist each other at 180° after the fault. 

To evaluate the magnetic field created by the armature winding, it is necessary to consider the 
effect of eddy currents in the rotor electromagnetic shield on the magnetic field. If the shield is 
modeled as a perfect conductor that does not allow penetration of the magnetic field below its sur- 
face, a boundary condition is imposed where B R ~ 0 at the shield surface, and equations for the ar- 
mature magnetic field are derived accordingly. Therefore, the magnetic field produced by the ac 
component of armature current, neglecting time decrements, is: 
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(2.3-5) 
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Figure 2.3-2. Angular Relation of Stator and Rotor Fluxes Under Load Operation 
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Figure 2.3-1. Cross-Sectional Geometry and Terminology of a Monolith Cylinder Armature and 
Superconducting Rotor 
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! Table 2.3-1 

DIMENSIONS OF THE 600 MVAj 345 kV DIAMOND COIL ARMATURE 
HIGH-VOLTAGE GENERATOR 



J A " 
Jf ~ 
r f \ " 

r s - 

n - 

'ol 

r 0 2 - 

= 



rms armature current density at rated load = 1.5 x 10 6 A/m 2 
field winding current density - 1 x 10* A/m 2 
field winding inner radius — 9 in., 0.2286 m 
field winding outer radius - 12 in., 0.3048 m 
field winding average radius — 10.5 in., 0.2667 m 

- rotor shield outer radius — 17.5 in., 0.4445 m 
« inner radius of inner conductor layer - 23.0 in., 0.5842 m 

- outer radius of inner conductor layer - 26.2 in., 0.6655 m 

- average radius of inner conductor layer - 24.6 in., 0.6248 m 

- inner radius of outer conductor layer - 34.1 in., 0.8661 m 
« outer radius of outer conductor layer — 36.4 in., 0.9246 m 

- average radius of outer conductor layer = 35.3 in., 0.8954 m 

- core inner radius « 40.4 in., 1.0262 m 
« synchronous reactance — 0.33 pu 
= subtransient reactance — 0.20 pu 



During steady state operation, the armature flux rotates in synchronism with the rotor flux, and the 
two can be superimposed according to the angular relationship between the two. This angular rela- 
tionship is easily determined from a phasor diagram of voltages and currents, as illustrated m Fig- 
ure 2.3-2, and it is seen that the armature flux lags behind the rotor flux by an angle of 
90 + + 5. Therefore, the superposition of the rotor and armature flux is 



B = a r ^B FR cos 9 + B AR cos(0+9O+4>+8)] 
-a e \B Fe sin 9 + B Ae sin (0+9O+<£+S)] . 



(2.3-2) 



The armature and rotor flux distributions are derived from solutions of Laplace s equation in cylin- 
drical geometries. For the armature-produced flux, there are separate expressions for the region in- 
side the inner conductor layer, the region between the two conductor layers, and the region be- 
tween the outer conductor layer and the core. They are: 
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2.3 WINDING FORCES 

In conventional turbine-generator constructions, the load reaction torque and sudden short circuit 
torques and forces are largely absorbed by the iron teeth of the stator core. The conductors are 
shielded from the air-gap flux by the iron teeth and experience only a small force due to cross-slot 
leakage flux. The conductors are firmly anchored in the iron slots by wedging systems that are 
effective in limiting vibration. 

The conductors in a high-voltage monolith cylinder air-gap winding are fully exposed to the air-gap 
flux and must absorb full load torque and sudden short circuit forces. Severe mechanical duties are 
imposed on the insulation cylinders, which must be able to transmit the forces from the conductors 
to the core and frame without excessive vibration or deflections. The mechanical stresses within 
the armature structure must be within the yield limits of the involved materials, with adequate mar- 
gin. Of particular importance are shear stresses wanting to delaminate conductor layer to insulation 
cylinder bonds or the laminations within a laminarly built insulation cylinder. 

The winding forces under both load and sudden short circuit conditions are to be calculated for the 
600 MVA, 345 kV diamond coil armature. The winding has its straight sections over the entire 
flux producing length. The force calculations follow closely the technique of Reference 2.3-1, and 
are later used to calculate mechanical stresses within the armature structure by finite element 'tech- 
niques. 

Diamond coils having straight sections over the entire magnetic active length are specified so that a 
two-dimensional analysis can be performed. The assumptions to the two-dimensional analysis are: 

1. The six armature phase-belt currents and the field current are axially directed and are 
represented by thin sheets of uniform current sheet density. 

2. The magnetic field is two-dimensional, having radial and tangential components, and curva- 
ture effects are accounted for by solving the field problem in a cylindrical geometry. 

3. The iron core is perfectly magnetic and the rotor shield is perfectly conducting (in transients). 

4. Only the fundamental harmonic components of the magnetic field are used for computing the 
forces. 

5. End effects are neglected. 

The sample generator for which the forces are to be calculated is the 600 MVA, 345 kV diamond 
coil armature machine produced by the sizing studies of Section 2.2. The dimensions and parame- 
ters of the generator are listed in Table 2.3-1, and Figure 2.3-1 illustrates the terminology. 
The winding pressure is calculated from the Lorenz force expression 

P - 7xB 

~ -a r J 2 B 9 + agJ.Br N/m 2 , t 2 - 3 " 1 ) 
where J 2 = axially directed current sheet density, A/m 
B r = total radial flux density, teslas 
B g «= total peripheral flux density, teslas 

The armature winding: are modeled as current sheets lying at the average radius of each conductor 
layer, and sheet current densities are obtained from volumetric current densities by multiplying by 
the thickness of the conductor layer. Since the tangential flux density is discontinuous across a 
current sheet, the average value of the tangential flux densities on both sides of the current sheet is 
used in Equation 2.3-1. 



2-32 



BEST HIGH-VOLTAGE GENEF..-.. 

HELICAL C .. 
300 A/cm 2 CURRENT DENSI7V 



kV 




R 2 


Ri 


R* ; 






R? 


345 


9 


12 


14.5 


16.5 i 


: I* 


22.0 


24.3 


500 


9 


12 


14..5 


16.5 ; 


; is 


23.8 


25.7 



, i — 



References i 

2.2-1. J.L. Kirtley, * 4 Basic: Formulas for Air-C 
PWR, IEEE Power Engineering Society 

2.2-2. T.A. Keim, 4 'Fractional. Pitch Coils in 
Power Engineering Society Winter Mee 

2.2-3. A.F. Anderson, et aU "Analysis of He:; _ 
to Superconducting A.C. Generators/ ' ..: 

2.2-4. S.D. Umans, et al., "Three-Dimensicr.,.. 

tors," IEEE Transactions on Power Appc. 



HE 600 MVA RATING 
GS 

NSULATION STRESS 





*ll 


L 


X' 


X 


X 


37.9 


55.6 


173 


.239 


.272 


.301 


44.3 


59.5 


217 


.244 


.271 


.295 



. ous Machines," Paper 71CP155- 
r -ing, January 1971. 

aures," Paper A 800 47-1, IEEE 
..-•> 1980. 

2 Windings with Particular Reference 
rigs 127, Pt. C, 3, pp. 129-144. 

-analysis of Superconducting Genera- 
ls PAS-98, 6, pp. 2055-2063. 




2-30 



This problem was addressed in a paper by Umans, et al. (Ref. 2.2-4) in developing a threes ^U^; 
diiinensional machine model. Without resorting to the complexity of their mpdely the following ■ . ] 

; scheme was used.' In the calculation of the self-inductances of the field winding and the shielding j 

] systeihV the Straight winding calculations were retained. The self-inductance of the armature wind- : 
ing was calculated using the helical winding representation; the thickness of the winding was j 

! represented by a weighted sum of current sheet representations, since finite-thickness helical wind- j 
ing formulae are intractable. The mutual coupling of the field winding to the shielding system was ! 

; computed by using the straight winding inductance formulae. The coupling of the field winding and! 
shield to the armature is most readily accomplished by representing them all as helical windings. j 

. These two straight windings are represented as a number of layers of coincident counter-spiralling j 
helical windings for the purpose of the calculation. In order to account for the fact that the straight 1 

; windings produce an axially distributed radial flux pattern (square wave) which is different from j 
that produced by the helical winding (a half sinusoid), the results are multiplied by the corrective 
factor 4/W. .This .[factor was chosen since the fundamental component of a square wave has an am- j 
plitude 4/tt times as large as the square wave amplitude. No corrections for the end-turn effects | 
are made in any of the helical winding formulae, as there is not enough experience with these 
windings to justify a correction. It has been assumed that the iron core covers the entire length of ; 
the helical winding. 

The specified armature current density for the helical coil armature sizing studies will be the current: 
density in direction of the conductor helices. The numerical value of this current density can be 
specified to greater values than were indicated for the diamond coil armature sizing studies. The 
geometry of the diamond coil requires that spaces appear between peripherally adjacent coils in the 
straight sections, even when the end arms are packed tightly (see Appendix B). Helical coils can be 
packed tightly throughout their entire length, so there are no spaces to detract from the applied 
current density. 

Machine sizing investigations for the helical coil armature machines showed a general trend that 
helical coil armature machines have approximately the same radial dimensions as the diamond coil 
armature machines but have longer armature lengths than the diamond coil armature machines. 
This result is in accord with the magnetic coupling behavior of the helical winding. These trends 
are noted in Figures 2.2-5 and 2.2-6, which are similar to Figures 2.2-1 and 2.2-2 of the diamond 
coil armature sizing studies. 

Best designs for the 600 MVA helical coil armature machine at two different voltage ratings are 
shown in Table 2.2-4. These can be compared to the 600 MVA entries in Table 2.2-2 for the dia- 
mond coil armature machines. Again, it can be seen that the helical coil armatures are longer than 
the diamond coil armatures, while the radii are about the same. 

In comparing the helical coil armatures to the diamond coil armatures, one must qualify the active 
lengths which are specified. For the helical coil armature, the active length is the full helix length, 
while for the diamond coil armature, the active length is the length of the coil straight sections. 
The diamond coil winding has end arms of considerable length (on the order of the outer conductor 
layer diameter), while the helical coil armature has only the additional end length of the series 
loops connections. Further, it is possible to reduce the straight length of the field winding in the 
helical coil armature design without changing the overall machine performance or dimensions 
significantly; this is due to the small coupling near the winding ends. A suitably modified version 
of the sizing program showed that it is possible to reduce the field winding straight length by a dis- 
tance equal to the outer diameter }f the field winding without any significant damage to machine 
specifications. Thus, the helical coil winding begins to look more favorable than the diamond coil 
winding when viewed in terms of overall machine size. 
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Figure 2.2-4. The Effect of Varying Armature Current Density and Insulation Dielectric Stress 
in the 600 MVA, 345 kV High-Voltage Generator 



The results for increasing insulation dielectric stress show an interesting effect. The increase from 
50 to 75 kV/in. shows a significant reduction in machine volume; a further increase from 75 to 
100 kV/in. shows a much smaller reduction. Some part of this effect may be due to the fact that 
the insulation thickness, which is a variable which directly influences machine size, is the inverse of 
the dielectric strength (i.e., the first increment represents a 33% reduction in insulation thickness, 
but the second represents only a further 25% reduction). A further part of the observed effect is 
due to the discrete step sizes incorporated in the program. In going from the 75 kV/in. to the 
100 kV/in. dielectric stress, the armature inside radius R 5 increases an entire inch. The increase is 
necessary because the smaller machine would have unacceptable shield stresses. This increase 
affects all the dimensions outside R 5 . If the program incremented dimensions in smaller steps, 
more change would be observed between the 75 kV/in. and 100 kV/in. cases. Finally, part of the 
effect observed represents the fundamental non-linearity of the problem. Even at zero insulation 
thickness, a finite machine volume is required. The effect of insulation thickness on machine 
design should not be significant until insulation volume becomes significant with respect to that of 
other components. 

2.2.2 Sizing Studies for Helical Coil Armatures 

The helical coil armature produces a magnetic field which is inherently three dimensional, unlike 
the conventional diamond coil armature. For the purpose of calculating the magnetic fields and the 
associated inductances, an armature model based upon ar infinitely long helical structure can be 
used with acceptable accuracy, as indicated by References 2.2-2 and 2.2-3. This model was adapted 
to the sizing study computer program to allow comparative studies of the helical coil armature 
designs. 

The computer model of the helical coil armature presented a number of difficulties in the calcula- 
tion of machine reactances. The major difficulty arises in the calculation of the coupling of the field 
and shielding system to the armature, since the field and solid shield are modeled as straight wind- 
ings of infinite length. It was unclear, at first, how a consistent marriage of the two approaches 
could be achieved. 
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Figure 2.2-3. High-Voltage Generators of Varying Ratings 



Table 2.2-3 and Figure 2.2-4 present the results of varying the armature current density and insula- 
tion dielectric stress in the 600 MVA, 345 kV rating. Each case represents a machine selected from 
a table of possibilities in the partially subjective manner described earlier. The effect of reduced 
current density is a substantial increase in machine volume. The radius increases for the lowest 
current density design are somewhat larger than might be expected if all variables were changed 
smoothly, rather than in steps, because a field winding radius one full inch larger was selected for 
this design. The length for this case is correspondingly lower. Note that the current density was 
changed in a geometric, rather than arithmetic, progression. 

Table 2.2-3 

600 MVA, 345 kV HIGH-VOLTAGE GENERATORS 
DIAMOND COIL WINDINGS 
ARMATURE CURRENT DENSITY AND INSULATION DIELECTRIC STRESS VARIED 
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Note: Headings R| - X are identical to those listed in Table 2.2-1 
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Figure 2.2-2. Length at Diameter for the 600 MVA, 345 kV High-Voltage Generator with Dia- 
mond Coil Windings 

Table 2.2-2 and Figure 2.2-3 summarize these designs. No surprising trends are revealed. The out- 
side radius of the 1200 MVA, 765 kV design exceeds even the generous self-imposed limit dis- 
cussed above, but a machine with a one inch smaller field winding is excessively long. Significantly 
higher ratings may require higher dielectric working stresses, special assembly or shipping methods, 
relaxed reactance requirement, or some other means of extending the art. 

Table 2.2-2 

BEST HIGH-VOLTAGE GENERATORS OF EACH RATING 
DIAMOND COIL WINDINGS 
150 A/cm 2 CURRENT DENSITY, 50 kV/in. INSULATION STRESS 
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Note: Headings R| - X are identical to those listed in Table 2.2-1. 
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Figure 2.2-1. Radial Dimensions for the 600 MVA, 345kV High-Voltage Generator with Dia- 
mond Coil Windings 

Figure 2.2-2 shows the variation of active length as a function of R 2 . To provide insight into the 
changing proportions, several significant diameters are plotted on the same scale. The rotor outside 
diameter is 2R 4 . It can be seen that the rotor ranges from very long and thin (perhaps too long and 
thin for acceptable rotor dynamics) to very short and squat. The core outside diameter is 2R n . 
The overall machine is seen to have a length-to-diameter ratio of less than one for large values of 
R 2 . 

The core inside diameter is 2R 10 . The relation of this number to the length of the machine is 
significant in determining the validity of assumptions underlying the electromagnetic analysis. The 
model assumes R 10 /L « 1. As this ratio approaches 1, the accuracy of the basic formulation di- 
minishes. For the case represented in Figure 2.2-2, results for values of R 2 greater than 12 in. are 
suspect. These comments do not imply that short, squat machines are or are not unattractive 
designs. However, the existing methodology cannot make a reliable assessment. Analytical 
representation of three-dimensional magnetic fields is required to permit the true merits of these 
designs to be assessed. 

Table 2.2-1 shows that when machines of different radius R 2 are held to constant transient reac- 
tance; the other reactances do not vary much with R 2 . This observation holds for the whole range 
of ratings, although the values which the subtransient and synchronous reactances assume do vary 
from case to case. 

For each voltage and power rating, one "best" machine has been selected from a table like Ta- 
ble 2.2-1. The selection is to some extent subjective. Long, low-diameter rotors have been avoid- 
ed. Core outside diameters have been kept within reason by imposing an arbitrary cutoff of 156 in 
A stator this large is at the limits of that which can be shipped by railway; a smaller limit may be 
more appropriate. The ratio of core inside diameter to length has also been considered. The 
designs selected are from the upper end of the range over which the two-dimensional analysis is 
thought to be applicable. 
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Table 2.2-1 is a sizing study for the €00 MVA, 345 kV rating and is typical of tables prepared for 
each combination of rating and voltage. The independent variable in this case is the field winding 
outside radius Rj. Field winding thickness, field-winding-to-shield spacing, shield-to-armature spac- 
ing, and the thicknesses of the insulation cylinders are all fixed for all machines in the table. The 
table entries are the dimensions of the shortest machines having acceptable shield stresses. (They 
are also the machines with the smallest armature inside radius and acceptable shield stresses.) Fig- 
ure 2.2-1 presents the same information as Table 2.2-1 with smooth lines drawn between the 
points. 

Table 2.2-1 

HIGH-VOLTAGE GENERATORS AT 600 MVA, 345 kV 
DIAMOND COIL WINDINGS 
150 A/cm 2 CURRENT DENSITY, 50 kV/in. INSULATION STRESS 
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R, - 


field winding inside x&diu&, in. 


R 7 - 


inner conductor layer outside radius, in. 


R 2 - 


field winding outscr rartrm, in. 


R 8 - 


outer conductor layer inside radius, in. 


R 3 - 


shield inside radius, in. 


R 9 - 


outer conductor layer outside radius, in. 


R« - 


shield outside radius, m. 


R io - 


core inside radius, in. 


R 5 - 


armature inside radius, in. 


R.i - 


core outside radius, in. 


R 6 - 


inner conductor layer inside radius, in. 


L - 


Length, in. 






X" - 


subtransient reactance, p.u. 






X' - 


transient reactance, p.u. 






X - 


synchronous reactance, p.u. 



The required shield thickness increases substantially as R 2 increases, ranging from 2 to 4 in. in the 
example shown. This increase is typical. It should be noted that the program steps dimensions in 
one-inch increments. As a result, the most precise statement that can be made is that shield thick- 
ness varies from between 1 and 2 in. for small R 2 to between 3 and 4 in. for larger R 2 . The 
minimum shield thickness requirement for any R 2 is substantially less than for low-voltage super- 
conducting generators, so some of the shield forging availability problems anticipated for those 
machines may be alleviated. The reduced shield thickness requirement is in part due to larger reac- 
tances than those proposed for low-voitage machines and in part due to decreased magnetic cou- 
pling owed to the large insulation volume. 

Surprisingly, armature thickness varies only slightly over the range of R 2 , and Figure 2.2-1 shows 
many essentially parallel lines. The neatest trend observable in Figure 2.2-1 is in the core outside 
radius R n . This radius increases substantially faster than its inside radius Rio- Core thickness is 
calculated by determining the total flux incident on the core and then providing a sufficient thick- 
ness for the same flux to flow in the core without exceeding 1.5 tesla flux density in the core. The 
core thickness varies from 28% to 42% of mean radius in Tsbie 2.2-1, implying a substantial varia- 
tion in core ring-mode stiffness. If the ring-mode stiffnesss* are inadequate, thicker cores than 
those described here may be required. 
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The program accommodates shield design indirectly. The shield inside radius is determined by ad- 
ding to the field winding outside radius a small allowance for a radiation shield and torque tube. 
The armature inside radius is stepped through a range of values. The appropriate winding 
thicknesses and machine length are determined for each armature inside radius. For each armature 
inside radius, the shield thickness is stepped through a range of values limited by the armature in- 
side radius. For each shield thickness, the peak stress under short circuit conditions is computed by 
combining magnetic and centrifugal loads. The results are printed. Selection of a design with satis- 
factory shield stresses is performed by hand. 

Any or all of the parameters described above can be varied systematically to determine the impact 
on overall machine size and configuration. 

To keep the volume of work manageable, it is wise to concentrate on the effect of certain variables, 
holding others constant at representative values. Terminal voltage, insulation dielectric stress, and 
output MVA rating are of special interest to this study. Therefore, these factors will be indepen- 
dent variables in this study. 

In many parametric studies, including this one, the relation between length and diameter is of in- 
terest. Length is a dependent variable in this formulation, so field winding diameter is used as an 
independent variable. 

Field winding parameters other than diameter have not been varied. A well-designed superconduct- 
ing coil, in the size ranges to be considered, will conservatively operate at an overall current density 
of about 10,000 A/cm 2 in ambient magnetic fields of 6 to 7 tesla. An annular field winding, ac- 
cording to the equations used, will generate a maximum flux density of about 6.5 tesla in the wind- 
ing if its thickness is about 3 in. Although field winding current density and winding thickness 
could have been traded against one another at constant field, or at constant short sample margin, 
the effect of such trade-offs is not expected to be materially different for high-voltage superconduct- 
ing generators than from that for other superconducting generators. 

For similar reasons, the clearance between the field winding and the electromagnetic shield inside 
surface was not varied. A 2 1/2-in. total was allowed for the coil housings and plates, the torque 
tube, and the radiation shield. 

For most work, the current density over the annular regions devoted to the conductor layers has 
been maintained at the value of 150 A/cm 2 , which has proved appropriate in previous work with 
low-voltage superconducting generators. However, a brief look at the effect of this parameter was 
performed, in recognition of the possibility of a low packing factor in high-voltage windings. 

Transient reactance is a parameter with a significant effect on machine size (lower reactances pro- 
duce larger machines). However, the benefits of reduced reactance accrue not to the design of the 
generator but to the power system as a whole. To completely evaluate this effect would require 
analysis beyond the scope of this program. These parametric studies have been performed for tran- 
sient reactance X d = 0.27. 

Both the stress occurring in the electromagnetic shield following sudden short circuit and the max- 
imum value of that stress depend on the material of the shield. This study assumes a shield ma- 
terial with a density of 0.29 lb/in. 3 , a modulus of 30 x 10 6 psi, and an allowable stress of 
120,000 psi. These values are typical of several iron- or nickel-base high-strength alloys. 

The principal results of this study are ba«ic dimensions for machines of the following ratings: 
300 MVA, 230 and 345 kV; 600 MVA, 245 and 500 kV; 900 MVA, 345 and 500 kV; and 
1200 MVA, 500 and 750 kV, all at 0.9 power factor. These results are obtained for an insulation 
stress of 50 kV/in. The effect of varying the armature current density and insulation stress have 
been investigated for the 600 MVA, 345 kV rating. 
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2.2 SIZING STUDIES 



2.2.1 Sizing Studies for Diamond Coil Armatures 

Calculations of machine dimensions and parameters were performed for machines having diamond 
coil windings with the straight sections extending over the field winding active length. The basic 
equations used in calculating the machine parameters for diamond coil windings are those reported 
in Reference 2.2-1. These equations have been in common use for some time, and have been 
derived from two-dimensional polar coordinate solutions of the magnetic field equations. Correc- 
tions for end winding effects are made in the form of additive corrections to the inductances. The 
equations model the machine in terms of annular regions of field winding and armature winding to 
which an overall current density is assigned. The equations have explicit provisions for an annular 
space between the armature winding and core, and between the armature winding and rotor. Space 
between layers of the armature winding can be incorporated by modeling the armature winding as 
two concentric single-layer armature windings connected in series. Reference 2.2-2 presents equa- 
tions with sufficient generality to do this. 

The results which are reported here have been obtained from a computer program containing such 
a model. The program computes dimensions for a family of machines of a given power rating and 
transient reactance. 

Power rating and transient reactance are parameters of prime importance to this program formula- 
tion because the program iterates armature thickness and machine length to achieve the required 
reactance and rating. To find the appropriate armature thickness and length, many other parame- 
ters besides rating and length must of course be specified. These parameters include field winding 
radius, thickness, and current density, inner conductor layer inside radius, outer conductor layer in- 
side radius, conductor layer current density and iron core inside radius. The program requires ex- 
plicit selection of the field winding parameters and a radius for the inner surface of the innermost 
insulation cylinder. In addition, a voltage rating and insulation dielectric stress must be specified. 
The program then determines the required insulation cylinder thicknesses and spaces the conductor 
layers and the core inside radius appropriately. The thicknesses of the conductor layers are not 
equal, but both layers are assumed to operate at the same current density, so there is only one in- 
dependent conductor layer thickness variable. 

For a given set of these parameters, the program first iterates the length to achieve the required 
output, and then adjusts armature thickness, etc., in the direction required to obtain the required 
transient reactance. The entire process is repeated until a length and armature thickness which 
result in both required rating and reactance are determined. 

Nothing in the foregoing has discussed space requirements for rotor shielding. The space required 
for rotor shielding is an important part of the spacing between field and armature windings, but 
once that spacing has been determined, rating and transient reactance for the geometry can be 
determined without further reference to rotor shielding. 

The outer electromagnetic shield is the largest member of the rotor shielding system. The principal 
requirement on this member is that it be strong enough to survive the combination of centrifugal 
and magnetic loads imposed on sudden short circuit. The magnitude of the sudden short circuit 
load is determined by the design of the other components of the generator. From considerations of 
rating and reactance alone, the closest possible field-to-armature spacing results in the most com- 
pact design, but very thin shields do not have the strength to withstand the high crushing loads 
when the armature experiences a sudden short circuit. 
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Figure 2.1-15. Circle Phasor Diagram of the 60° Phase-Belt Two-Circuit Delta-Connected 
Winding 
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Figure 2.1-13. Circle Phasor Diagram of the 120° Phase-Belt Single-Circuit Delta-Connected 
Winding 
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Figure 2.1-11. Circle Phasor Diagram of the Classical 60° Phase-Belt Single-Circuit Wye- 
Connected Winding 
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many turns as the high-voltage winding, the coil jumper system is certain to be cumbersome. The 
phase-belt creepage stress is the highest yet encountered: 

E pb - - 1.910 (2.1-4) 

p n r 



This winding arrangement can also be performed with 120° phase belts, although such a winding 
will produce the same rotor vibratory forces that the 120° phase-belt delta winding produces. 

The preferred winding arrangement for the monolith cylinder high-voltage armature is the 60° 
phase-belt two-circuit delta connection, from considerations of electrical configuration, magnetic 
symmetry, and practicability of manufacture. 
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phase belts, and this is indicated in Figure 2.1-13 by the phase-belt phasors spanning 120° portions 
of the phasor circle. The voltage difference between adjacent conductors anywhere in a conductor 
layer is no more than a few coil voltages, and large phase break voltages are nowhere to be found. 
The phase-belt creepage stress for this winding is low compared to windings to be discussed shortly. 

Epb - -|t± - .827 (2.1-2) 

This winding might seem at first glance to be ideal for the high-voltage generator, except for one 
annoying difficulty: the magnetic flux distribution produced by the 120° phase belts contains even 
harmonics which produce rotor vibratory forces. Appendix C analyzes this phenomenon and con- 
cludes that although the even harmonic content of the flux can be reduced, it cannot be entirely 
eliminated. The magnitude of the resulting rotor vibrations is difficult to quantify and may be 
dependent on resonance conditions. The philosophy of prudence excludes this winding arrange- 
ment for consideration for the high- voltage generator. 

A 60° phase-belt two-circuit delta connection was developed by the Massachusetts Institute of 
Technology for application to their superconducting generator effort (Refs. 2.1-2 and 2.1-4). Fig- 
ure 2.1-15 illustrates a circle phasor diagram for this winding and Figure 2.1-16 illustrates the wind- 
ing diagram. This winding utilizes a novel phase joint connection to eliminate large phase break 
voltages. Consider the phase belt labeled Ai on Figure 2.1-15. The last conductor of this phase 
belt, a conductor on the outer layer, is joined to the neighboring outer layer conductor of the adja- 
cent phase, marked B]. This causes phase-belt Bi to be wound in the reverse sense, and the phase 
belt labeled B! on Figure 2.1-15 is therefore depicted as being reversed from its original position on 
the circle phasor diagram. The same type of connection is performed on the inner layer conductors 
at the junction of phases Bj and Cf, this causes the direction of phase Cj to be restored to its origi- 
nal direction. The phase belt labeled C x on Figure 2.1-15 is therefore depicted in its original direc- 
tion although it is shifted from its original position on the circle phasor diagram. The connection of 
the phase belts in this manner has produced a closed delta out of phase-belts Ai, Bi, and Cj, and 
has eliminated any large phase break voltages. The phase joint connection scheme is continued for 
phase-belts A 2 , B 2 , and C 2 , producing direction reversals for phases A 2 and C 2 . A second closed 
delta is formed from phases A 2 , B 2 , and C 2 , and this delta is paralleled with the first delta, as is 
depicted with the parallel connections indicated on Figure 2.1-15. 

The phase-belt creepage stress for the 60° phase-belt delta connection is 

E pb = 1.654 -^X (2.1-3) 

T r 

The phase-belt creepage stress for this winding is considerably larger than that for the other wind- 
ings and may require special engineering treatment. Section 2.5.2 discusses this topic in greater de- 
tail. 

A special 60° phase-belt two-circuit graded wye connection eliminates large phase break voltages 
through the liberal application of coil jumpers. Figure 2.1-17 illustrates the circle phasor diagram 
for this winding, and Figure 2.1-18 illustrates the winding diagram. If the edge-most coil on the 
left side of the phase belt is connected to ground, it is in turn connected to the edge-most coil on 
the right sine )f the phase-belt through a coil jumper. The edge-most right side coil is connected to 
the second-to-edge coil on the left side of the phase belt, and the second-to-edge left-side coil is 
subsequently connected to the second-to-edge coil on the right side of the phase belt. This process 
is repeated, back and forth, until the center of the phase belt is reached, and the last coil to be con- 
nected becomes the high- voltage terminal. The other phase belts are connected in a similar 
manner. The result of these connections is that the edges of all phase belts are at or near ground 
potential and the voltage is graded from the edges to the center of the phase belts. It requires a 
considerable number of coil jumpers to perform these connections, and for a winding requiring as 
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The classical 60° phase-belt single-circuit wye connection is an example of a winding arrangement 
that produces large phase break voltages. Figure 2.1-11 illustrates a phasor diagram for this winding 
and Figure 2.1-12 illustrates the winding diagram. The top diagram of Figure 2.1-11 shows the cir- 
cular arrangement of individual conductor voltage phasors in their order around the periphery of 
the armature. Individual conductor phasors are labeled "1" and "O" to indicate their location on 
the inner and outer conductor layers, respectively. Sixty-degree spans of the conductor phasors are 
grouped into phase belts, as indicated by the longer phasors appearing as chords of the circles. 
Each phase belt phasor is labeled "A", ."B", or "C" with respect to its phase identification and is 
subscripted "1", or "2" to indicate its location close to ground or close to terminal, respectively. 
Ground points, terminal points, and phase-belt connections are also indicated on the diagram. The 
phase break voltages will be the voltages appearing at the physical junctions of the phase belts indi- 
cated on the circle diagram. For example, phase break voltages are indicated at the junction of the 
head of A x and the head of C 2 and the junction of the tail of C 2 and the tail of B\. In the bottom 
diagram of Figure 2.1-11, the circle diagram phasors are rearranged into the conventional wye ar- 
rangement of phasors. It is here that the magnitudes of the phase break voltages are revealed. The 
phase break voltage indicated at the junction of the head of A \ and the head of C 2 is now seen to 
be a phasor stretching from the terminal of phase C to the midpoint of phase A. The magnitude of 
this phasor is 1.32 times line-to-ground voltage. The phase break voltage indicated at the junction 
of the tail of C 2 and the tail of B x is a phasor stretching from the neutral to the phase C midpoint. 
The magnitude of this phasor is 0.5 times line-to-ground voltage. The other phase break voltages 
are identical to the two identified above. 

The phase-belt creepage stress for the single-circuit wye connection is the voltage appearing across 
the breadth of the phase belt divided by the span of the phase belt (as measured from a line per- 
pendicular to the conductors). The phase-belt span will vary according to the coil type and to the 
location in the winding. The phase-belt span is greatest in the straight sections of a diamond coil 
but decreases in the end arms of a diamond coil or in helical coils. The voltage across the span of 
the phase belt for the 60° phase-belt single-circuit wye connection is 0.5 times line-to-ground volt- 
age. The phase-belt creepage stress at the straight sections of a diamond coil is 

Epb = SlIlzM. - 0.477-^ , (2.1-1) 

3 

where r — winding radius. 

The phase belt creepage stress will be somewhat higher for a helical winding. 

The maximum voltage appearing across the center insulation cylinder is not necessarily found at the 
center of the winding (the straight sections of a diamond-coil winding or the axial center of a heli- 
cal coil winding). In the case of the 60° phase-belt single-circuit wye connection, the maximum 
voltage across the center insulation cylinder is line-to-line voltage and is located at certain criss- 
crosses in the end arms of a diamond coil winding or at certain off-axial-center criss-crosses of a 
helical coil winding. The maximum voltage across the center insulation cylinder for any winding 
connection is no less than line-to-line voltage and no more than twice line-to-ground voltage. 

The classical 60° phase-belt two-circuit wye connection also has large phase break voltages. One 
phase break voltage is zero and the other is line-to-line voltage. The classical 60° phase-belt delta 
connections also have large phase break voltages. The elimination of these large phase break volt- 
ages has required the invention of completely new windh.g arrangements, called voltage gradient 
controlled windings; the more important of these windings will be described presently. 

The 120° phase-belt single-circuit delta connection is the paragon of simplicity. The coils of this 
winding are continuously connected around the periphery of armature. This is allowed because the 
phasor sum of all coil voltage phasors is zero, as illustrated in the circle phasor diagram of Fig- 
ure 2.1-13. The terminals are made by tapping the series loops at three locations 120° apart, as il- 
lustrated in the winding diagram of Figure 2.1-14. This produces a delta winding having 120° 
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All air must be purged from the cooling system, and thermal expansion of the coolant in the result- 
ing closed system is accommodated by an elastic bladder in the expansion tank. A water-cooled 
heat exchanger is precluded by the danger of moisture contamination of the coolant through a 
cracked heat exchanger tube. 

In order to reduce the likelihood of dielectric failures, the greatest attention must be paid to the 
control of internal voltage gradients within the armature. Dielectric failures are described as being 
either puncture failures, which are flashovers directly through a dielectric medium, or creepage 
failures, which are flashovers along a boundary of two different dielectric media. The control of 
voltage gradients is accomplished either by electrical configuration (winding arrangements that pro- 
duce small voltage differences between adjacent conductors) or by physical configuration (placing of 
thick dielectrics at critical locations or shaping of dielectric contours). The insulation cylinders of 
the monolith cylinder armature are examples of the control of voltage gradients by physical 
configuration, since the cylinders are thick dielectrics placed in between the large voltages appearing 
across the two conductor layers and across the conductor layers and the grounding surfaces. 

Control of voltage gradients by electrical configuration is found to be important with respect to the 
problem of phase break voltages. A phase break voltage is defined as the voltage appearing be- 
tween adjacent conductors of adjacent phase belts. Some winding arrangements produce large phase 
break voltages, and in a monolith cylinder high-voltage winding it would be necessary to insert 
thick dielectric barriers in between the phase belts (Figure 2.1-10). This in no way solves the prob- 
lem, since there is now a path for creepage failure at the boundary between the phase break insula- 
tion and the insulation cylinder. The solution for this problem lies in the utilization of winding ar- 
rangements that produce small phase break voltages. 

Another problem of somewhat less concern is the possibility of creepage failures across the entire 
breadth of a phase belt along the boundary of the conductor layer and the insulation cylinder. The 
magnitude of this phase belt creepage is a function of the winding arrangement. 

PHASE BREAK 
INSULATION — 



INSULATION 




PHASE BREAK 
INSULATION 



Figure 2.1-10. Phase Break Insulation for Windings with Large Phase Break Voltages 
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Table 2.1-2 



STATED MECHANICAL PROPERTIES OF OIL-IMPREGNATED 
HIGH-DENSITY PRESSBOARD 



Average Tensile Strength 


-15,000 


psi 


Average Shear Strength 


— 14,500 


psi 


Average Modulus of Elasticity 


— 1,800,000 


psi 



The use of oil-impregnated insulation will necessitate the placement of a bore seal tube at the inte- 
rior of the armature, so that oil can be prevented from seeping into the bore. The bore seal tube 
can be made of any oil-impermeable material, and a tube constructed of filament wrapped 
fiberglass-epoxy is a likely candidate. Figure 2.1-8 is a detailed cross-section of the monolith 
cylinder armature and illustrates the placement of the bore seal tube. The inner grounding surface 
is placed in between the bore seal tube and the inner insulation cylinder to isolate the bore seal 
tube from electrical stress. It is not necessary to provide a sealing tube in between the armature 
and the core since the core and frame are themselves completely filled with dielectric Quid. 

Figure 2.1-9 illustrates a radial-axial cross-section of the high-voltage generator and its cooling 
scheme. It is desired to avoid the use of coolant connection hoses because of the thousands of 
hoses and hose connections that would be required. Therefore, it is envisioned that the entire sta- 
tor end regions would be flooded with coolant that would be pumped through the winding coolant 
passages via access ports in the vicinity of the winding series loops. The coolant will be electrically 
stressed over portions of the coolant path, so it is necessary for the coolant to be a dielectric fluid. 
(The same fluid used as the insulation impregnant is convenient.) The core can be cooled from the 
end region coolant header through axial passages cumulated from holes prepunched in the core 
laminations. The insulation cylinders can also be cooled from the end region coolant header 
through axial passages provided in the cylinders during the assembly of the pressboard sheets. The 
external cooling equipment is of the type used by large step-up transformers, and the main heat ex- 
changer is a fan-cooled radiator. The external cooling equipment and the entire stator casing must 
be hermetically sealed to prevent the coolant from absorbing moisture from atmospheric humidity. 




Figure 2.1-8. Components of the Monolith Cylinder Armature 
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plastic laminates such as fiberglass-epoxy. A fiberglass-epoxy insulation is made from fiberglass 
cloth laminations or fiberglass filament wraps that are saturated with epoxy and baked hard. No 
plastic laminate can be manufactured entirely free of voids without resorting to extreme vacuum 
and pressure techniques. The voids in a plastic laminate result in slow but progressive damage 
caused by ionization in the voids at operating stress. A more important consideration, however, is 
the possible formation of cracks within the armature due to winding forces or thermal expansion 
f forces. A small crack that develops in an armature constructed from plastic laminate insulation may 
\ rapidly lead to a dielectric failure. In an armature constructed from fluid impregnated pressboard, 
any small cracks will be filled with the dielectric fluid and rapid dielectric failure will thus be avert- 
ed. This is the primary reason for selecting pressboard as the preferred insulating material. The 
technology for pressboard impregnated with transil oil is well-established, and the selection of this 
combination for the insulation would greatly reduce the amount of development effort required for 
a high-voltage stator winding. Figure 2.1-7 illustrates the partial discharge inception field strength 
of oil-impregnated pressboard for both impulse voltage and power frequency voltage (Ref. 2.1-3). 
The mechanical properties of oil-impregnated pressboard appear to be adequate, and Table 2.1-2 
lists average measured mechanical properties of a pressboard grade having the greatest density and 
mechanical strength (from Ref. 2.1-3). 




Figure 2.1-7. 
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strengths of up to 200 V/mil, it would be imprudent to design new demonstration machines at any- 
thing greater than 50 V/mil dielectric strength. The dielectric strengths of all insulating materials 
decrease with increasing thickness, and since there have never been any tests of materials in the 
thicknesses required for the high-voltage winding, it is not known if dielectric strengths approach an 
asymptotic lower limit when such thicknesses are obtained or if they decrease to impractical values. 
It is felt that a dielectric strength of 50 V/mil is a conservative design value, and the machine 
designs contained in later sections of this report assume that the insulation is capable of this 
strength. Section 2.2 describes machine sizing studies for the monolith cylinder high-voltage gen- 
erator. 



Table 2.1-1 

REQUIRED INSULATION CYLINDER THICKNESSES FOR VARIOUS 
VOLTAGE RATINGS AND DIELECTRIC STRENGTHS 





Dielectric Strengths 
50 V/mil 100 V/mil 200 V/mil 


230 kV Rating 








line-to-ground insulation cylinder 


2.65" 


1.32" 


.66" 


line-to-line insulation cylinder 


4.60" 


2.30" 


1.15" 


345 kV Rating 








line-to-ground insulation cylinder 


3.98" 


1.99" 


1.00" 


line-to-line insulation cylinder 


6.90" 


3.45" 


1.73" 


500 kV Rating 








line-to-ground insulation cylinder 


5.77" 


2.89" 


1.44" 


line-to-line insulation cylinder 


10.00" 


5.00" 


2.50" 


765 kV Rating 








line-to-ground insulation cylinder 


8.83" 


4.42" 


2.21" 


line-to-line insulation cylinder 


15.30" 


7.65" 


3.83" 



The thick insulation builds required for the monolith cylinder high-voltage armature preclude the 
use of anything but a superconducting rotor winding, since only the superconducting rotor is capa- 
ble of exciting such great non-magnetic reluctances. The machine sizing studies of Section 2.2 in- 
clude superconducting rotor windings for all calculations. 

The dielectric material for the insulation cylinders must not only possess suitable dielectric strength 
and life but also must possess adequate mechanical strength. The insulation cylinders are required 
to transmit radial and tangential winding loads to the core and frame and must withstand large 
bending and shear stresses caused by armature ovalization deflections exhibited during sudden short 
circuit. Solid dielectric *; aterials suitable for the insulation cylinders may be grouped into two 
categories: fluid impregnated pressboard and dry-type dielectrics. Pressboard is a hard, stiff material 
that is heat pressed from moist cellulose pulp into sheets ranging up to 0.25-inch thickness. The 
pressboard sheets can be formed and laminated into the insulation cylinders, and the finished arma- 
ture winding is later impregnated with a dielectric fluid such as transil oil, Freon,* or silicone oil. 
The dielectric fluid fills all voids in the pressboard, and the result is an exemplary insulating materi- 
al that has been in-use-foi_de_cacles by the transformer industry. Dry-type insulations can include 



* E.I. DuPoni DeNemours Co., Inc. 



Grounding surfaces must be provided in the armature to control the electric field distribution at 
critical locations. It is particularly important to place a grounding surface on the inner surface of 
the inner insulation cylinder in order to prevent a flashover from the inner conductor layer to the 
grounded rotor body. A grounding surface can be constructed from thin stainless steel wires placed 
around the entire periphery of the surface and orientated in the axial direction. The wires are con- 
nected by a loop at one end but not the other (Figure 2.1-6). In this manner, no closed loops are 
formed and the losses of the grounding surface are limited to eddy current losses within individual 
wires. The wires must be placed close enough together to eliminate electric stress concentrations 
from individual wires. If the wires are not closely spaced, the wire cage can be coated with a semi- 
conductive paint which will also serve to eliminate the electric stress concentrations. The inner sur- 
face of the core can serve as the grounding surface for the outer insulation cylinder, although a 
wire cage grounding surface can be provided here if it is felt that void-free contact between the core 
and outer insulation cylinder cannot be assured. 

The inner and outer insulation cylinders must be thick enough to withstand the line-to-ground volt- 
ages that appear between the outer conductor layer and the core inner surface and between the 
inner conductor layer and the inner grounding surface. The center insulation cylinder must be 
thick enough to withstand the line-to-line voltage that appears between the two conductor layers. 
(This can be twice line-to-ground voltage in some winding connection schemes.) The dielectric 
strength of the insulation plays a crucial role in determining the overall machine dimensions, since 
a great portion of the radial build-up of the armature will be consumed by the insulation cylinders. 
Table 2.1-1 lists required insulation cylinder thicknesses for various machine voltage ratings and 
dielectric strengths. Insulation requirements will become quite large with the lower dielectric 
strengths (the 345 kV rating at 50 V/mil dielectric strength, for instance, requires nearly 15 inches 
of just insulation). When the radial build-ups of the conductor layers and the core and frame are 
added, a machine of large external dimensions is realized. Although Table 2.1-1 describes dielectric 
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One or two thousand conductors may be required in each conductor layer cylinder, and it will be 
necessary to stack conductors one above each other in columns to avoid conductors of excessively 
tall and thin proportions. Figure 2.1-1, for instance, illustrates three conductors stacked in each 
columm in the conductor layer cylinders. The conductors of the inner and outer conductor layer 
cylinders can be connected at the series loops in such a manner as to produce a nested series loop 
system (Figure 2.1-4). Here it is seen that the outermost conductor of the inner layer is connected 
to the innermost conductor of the outer layer, the innermost conductor of the inner layer is con- 
nected to the outermost conductor of the outer layer, and so on. Figure 2.1-5 illustrates a similar 
nested series loop and coil jumper system for the connection end of the winding. 



Figure 2.1-4. Non-Connection-End Series Loop Nest 



Figure 2.1-5. Connection-End Series Loop Nest and Coil Jumper System (Expanded in Hor- 
izontal Direction) 
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ure 2.1-3 illustrates the fully heiicai coil shape, where the conductor twists 180° peripherally from 
end to end (Refs. 2.1-1 and 2.1-2). Variations of these shapes are also possible; for instance, the 
end arms of the diamond coil can be brought well within the active magnetic zone. The fully heli- 
cal coil shape is equivalent to a diamond coil having no straight sections. An optimization process 
is implied in the coil shape selection; because while a diamond coil with short straight sections links 
less magnetic flux, it is possible to pack more such coils within the periphery of the conductor 
cylinders. Appendix B describes the theory behind the coil shape selection and concludes that the 
fully helical coil shape is close to optimal. 




Figure 2.1-2. Monolith Cylinder Armature with Diamond Coils 



Section 2 

PRIMARY APPROACH-MONOLITH CYLINDER ARMATURE 



2.1 ARMATURE TOPOLOGY AND WINDING ARRANGEMENTS 

The monolith cylinder armature is appropriately named for its concentric cylinder construction hav- 
ing separate cylinders devoted to electrical insulation and electrical conductors. The monolith 
cylinder armature utilizes geometrical simplicities and symmetries to produce an armature that is di- 
mensionally compact and straightforward to manufacture by virtue of its many identical components 
and repeatable assembly sequences. 

Figure 2.1-1 illustrates a cross-section of the monolith cylinder armature in its most elementary 
form. Two cylinders of conductors are encapsulated by three cylinders of insulation, and the entire 
structure is fastened to a toothless iron core. A slotted iron core is precluded by the great number 
of conductors required to reach transmission level voltages. The inner and outer insulation 
cylinders must be thick enough to withstand line-to-ground voltage while the center insulation 
cylinder must be thick enough to withstand line-to-line voltage. Each conductor layer cylinder can 
contain from one to two thousand individual conductors. The conductors lie on the same radius 
throughout their entire length and do not flare into a cone at the ends, as do the conductors of a 
conventional turbine-generator. 

Since the conductors are not confined in iron teeth, the coil shape can assume a variety of forms. 
Figure 2.1-2 illustrates the familiar straight coil with helix end arms (diamond coil), and Fig- 




Figure 2.1-1. Cross-Section of a Monolith Cylinder Armature 



2-1 



pressboard. If these tests proved encouraging, mockup winding tests would be performed to 
confirm whether the analytically calculated non-uniform creepage stress limits are vaiid. Following 
the insulation testing program, the construction of a demonstration high-voltage generator model 
using an existing model superconducting rotor would be the next logical development program. 

1.9 SUBJECT INVENTIONS 

In the course of this contract, only one contractor's invention disclosure letter was submitted to the 
contracting officer: 

• A novel wye-connected winding arrangement that provides smooth circumferential voltage 
grading and eliminates large phase break voltages was submitted as an invention. This wind- 
ing arrangement is accomplished by the use of special end-winding connections. The smooth 
voltage grading allows high material utilization, and the wye-connection is preferable for the 
power systems interrelation. This winding arrangement is applicable to both monolith cylinder 
armatures and taped integral-insulated phase belt armatures, although neither application was 
selected as the preferable design for the high-voltage stator winding. 

The selection of the monolith cylinder armature as the primary design approach reduced the poten- 
tial for new patentable ideas. The monolith cylinder concept has already been studied and publi- 
cized by several specialists in the field. The detailed studies in this report on the monolith cylinder 
armature describe a number of component designs which are probably patentable. Techniques of 
reducing electrical creepage stresses in the body and in the end regions are examples of these ideas. 
Disclosure letters were not submitted since it was concluded that the ideas fall within the state-of- 
the-art of transformer technology. Publication of these and other patentable ideas in this report will 
provide the industry with the required patent protection. 

References 

1-1. General Electric Co., Superconducting Generator Design, EPRI Research Project RP 429-2, Fi- 
nal Report, Dec. 1977. 
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• Integral-insulated phase-belt armature — taped system 

• Integral-insulated phase-belt armature — coaxial system 

The results of these studies and the results of the studies on the monolith cylinder armature pro- 
vided the information necessary to make a rational decision as to which design concept has the best 
potential of being proven technically and economically feasible. As stated earlier in this report, the 
monolith cylinder armature was selected as the primary design approach. 

1.6 ECONOMIC ANALYSIS OF SUPERCONDUCTING GENERATORS 

Section 6 describes economic analyses comparing the cost benefits of low-voltage and high-voltage 
superconducting generator development programs. The economic comparisons incorporate a 
number of possible business scenarios during a 35 year period from 1986 through 2020. Each 
scenario includes the following data: 

• Anticipated electrical growth rate 

• Estimated yearly generating capacity additions 

• Introduction rate of low-voltage or high-voltage superconducting generators 

• Penetration rate of the superconducting generators 

• Estimated yearly development costs (1985 dollars) 

• High, average, and low savings estimates based on capital cost differences and operating cost 
savings resulting from improved efficiencies (1985 dollars) 

Present worth values, breakeven years, and rates of return on invested development funds are cal- 
culated by using the data for each scenario and applying the appropriate interest rate formulas. The 
studies indicate that both the low-voltage and high-voltage superconducting generator development 
programs should provide financial benefits to the industry. As measured by present worth values, 
the high-voltage generator benefits are significantly larger than the low-voltage generator benefits. 
However, rates of return and breakeven years for high-voltage generators are not significantly better 
than for low-voltage generators. 

1.7 FINAL DESIGN RECOMMENDATION 

Section 7 presents a summary of the monolith cylinder high-voltage superconducting generator 
design. This design was selected from several design concepts as the approach which has the best 
potential of proving to be technically and economically feasible. Many of the results from the 
analytical studies throughout this report are summarized, and the advantages and limitations of this 
design are also discussed. 

All of the other conceptual designs are reviewed, and the justification for selecting the monolith 
cylinder armature over the other designs is discussed, 

1.8 RECOMMENDATION FOR FOLLOW-ON EFFORT 

J The general conclusion of this report is that follow-on effort to develop high-voltage superconduct- 
ing generators should be deferred until the feasibility of superconducting rotors has been establish- 
ed. When superconducting rotors are shown to be economical to manufacture and are shown to 

, operate with satisfactory reliability and availability, a re-evaluation cf * le high-voltage generator 

\ concept should be made. One of the first considerations should be to establish whether the insula- 

\ tion systems proposed in this report are practical. 

Section 8 outlines a minimal hardware development program that will provide the insulation charac- 
teristics of the very thick insulations required for the monolith cylinder armature. The program 
would be initated with electrical puncture and creepage tests under uniform field stresses for press- 
board impregnated with transil oil. The same tests could also be performed for Freon impregnated 
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1.4 POWER SYSTEM CONSIDERATIONS 



Section 4 describes the power system considerations for the high voltage generator. Since the high- 
voltage generator is connected directly to the high-voltage transmission network, the transient volt- 
age and current levels which the machine will be subjected to are of particular interest. One of the 
most important system interface considerations relates to the ability to provide adequate transmis- 
sion system grounding. This determines allowable surge arrester ratings and thus the necessary 
basic insulation requirements of the high-voltage stator winding as well as that of all of the other 
high-voltage components (lines, circuit breakers, etc.) At conventional generating stations, 
transmission system grounding is provided by the step-up transformer. At a high-voltage generator 
station, other means must be employed. For the delta-connected high-voltage generator deter- 
mined to be the preferable design, the station auxiliary transformers can be arranged to provide sys- 
tem grounding. The grounding thus provided permits the same basic insulation level (BIL) to be 
applied to the high-voltage stator and the other station high-voltage components as is normally ap- 
plied at conventional stations. 

Fault current levels for various types of transmission line and terminal faults are calculated for the 
high-voltage generator. In general, the per unit winding fault current levels for the high-voltage 
generator are comparable to those of a conventional generator. These fault currents are also gen- 
erally lower than the fault current levels experienced by the high voltage winding of a step-up 
transformer for transmission line faults. 

The high-voltage generator shaft torsional duties accompanying transmission line faults and normal 
line reclosing can be excessive and may require special mechanical design considerations. These 
torsional considerations arise out of the low inertia of the superconducting rotor and would be 
characteristic of either low-voltage or high-voltage superconducting generators. 

For protective relaying, many of the conventional relays are directly applicable to the high-voltage 
generator. One area requiring development will be that of providing fiber optic transmitted current 
transformer signals for split-phase differential protection of the windings. The basic technology for 
this high-voltage electronic current measurement requires only adaptation to this specific applica- 
tion. 

A natural replacement for the conventional isolated phase bus will be SF 6 gas-insulated high-voltage 
buswork which has been developed for the interconnection of high-voltage transformers and other 
station high-voltage components. The high-voltage bushings for the high-voitage generator would 
be expected to be similar to transformer bushings for gas-insulated bus installations. 

The phenomenon of Subsynchronous Resonance (SSR) is more affected by torsional dynamics than 
generator electrical dynamics. The mechanical design provisions that need to be made to make su- 
perconducting generators adequate for normal line switching duties should also provide adequate 
SSR performance. 

The lower reactance brought about by the elimination of the step-up transformer enhances the tran- 
sient stability characteristics of the high-voltage generator, despite the lower rotor inertia. An im- 
provement on the order of 2 cycles in critical clearing time was found for a comparison example be- 
tween conventional and high-voltage units. This is a rather substantial difference and is comparable 
to or greater than that attainable by the addition of a very high performance excitation system on a 
conventional unit. 

1.5 SECONDARY APPROACHES 

Section 5 describes the studies performed on the following secondary high-voltage generator design 
concepts: 

• Spiral pancake armature 

• Salient-pole stator 
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Electrical creepage situations within the armature body and at the armature end regions are evaluat- 
ed. The electrical creepage at the armature end regions is strongly controlled by the thickness of 
the insulation cylinders. Generator voltage ratings greater than 500 kV may not be possible because 
of the excessively thick insulation cylinders required to control the end region electrical creepage. 

Conductor and conductor cooling designs are described for three proposed dielectric fluid coolants: 
transil oil, Freon 113, and silicone oil. The conductors are comprised of braided copper filaments 
and are cooled through stainless steel cooling tubes that are interspersed throughout the winding. 
Cooling performance is evaluated in terms of allowable temperature rises, coolant flow, and coolant 
pressure, among other quantities. 

Large turn-to-turn voltages that are produced by voltage surges such as lightning strikes are calcu- 
lated. The surge voltage distribution within the high-voltage generator is similar to that experi- 
enced by high-voltage step-up transformers. The calculations are used to qualify the armature turn 
insulation. 

A conceptual stator frame design that will accommodate larger diameter cores than do present con- 
ventional frame designs is described. Such a frame will be important in implementing high-voltage 
generators because of the large magnetic dimensions of high-voltage generators. The stator frame 
will be required to be hermetically sealed to guard against moisture contamination of the high- 
voltage insulation. 

The design studies performed in this section strongly suggest that the monolith cylinder armature is 
technically feasible. However, this conclusion is based on the results of analytical models which 
have not yet been fully calibrated. Also, a few potential problems which could not be modeled and 
analyzed — such as the effects of thermal expansion forces and the effects of long-term insulation 
shrinkage — were not addressed. Therefore, the final assessment on technical feasibility will re- 
quire extensive model testing and operating experience. 

1.3 COMMERCIAL ACCEPTANCE TESTING 

Section 3 describes the methods and equipment required to test the integrity of the high-voltage 
stator winding insulation system. Insulation testing is emphasized in this section because the insu- 
lation tests are significantly different than those presently required for low-voltage generators, while 
the electromagnetic and mechanical tests can be essentially the same. The tests and test procedures 
outlined in IEEE Standard 115 "Test Procedure for Synchronous Machines,'* should generally ap- 
ply with the exception of the stator winding insulation testing references. 

The dielectric system of the high-voltage generator is similar to that of a high-voltage step-up 
transformer, and the operating environment is also similar, particularly with respect to exposure to 
lightning strikes and switching surges. Therefore, the recommended insulation tests for the high- 
voltage generator are the same as those for a transformer, namely the impulse test and the over- 
voltage test. The impulse test simulates the effects of lightning strikes and switching surges. The 
overvoltage test holds a twice-rated voltage on the winding for a specified short amount of time 
(typically 7200 cycles). 

The impulse test can be performed in almost the same manner as performed on transformers and 
will use the same testing equipment. The overvoltage test will be similar to that prescribed for 
large inductive reactors and is called a series-resonance test. This test has capacitor banks connect- 
ed in series with the generator winding. The circuit is driven with a small high-frequency (240 or 
420 Hz) motor-generator set. When the '-apacitive reactance is tuned to the generator reactance, 
the voltage across the generator winding ^ cancelled by the voltage across the capacitor bank, and 
the high-frequency alternator appears to be operating in short-circuit, except for a voltage drop due 
to circuit losses. The high-frequency excitation limits core overfluxing and reduces the circuit 
current required to achieve twice-rated voltage on the generator winding. For a delta-connected 
high voltage generator, this test must be performed in three-phase, tripling the cost of the test 
equipment. The high-frequency motor-generator set must supply all circuit losses and may have to 
be as large or larger than any such set built to date. 
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ducting generators are technically feasible. The time scale of the development program will be long 
and the development costs will be high. Due to the high premium assigned to reliability and avail- 
ability, the industry will probably require backup conventional generators for the first few low- 
voltage and high-voltage superconducting generators, in case the reliability and availability of these 
early designs prove to be poorer than can be economically justified. 

1,1.9 General Prognosis 

The results of this study to assess the potential industry benefits of a high-voltage generator 
development program suggest that a prudent course of action would be to defer further develop- 
ment effort until on-going low- voltage superconducting generator programs have better defined the 
technical feasibility of superconducting rotors. Successful superconducting rotors are a prerequisite 
to the high-voltage generator concept and any development effort for high-voltage generators could 
be wasted if superconducting rotors do not perform satisfactorily. 

Although the economic studies show that a high-voltage generator development program has the 
potential for providing a large present worth economic value, the higher anticipated development 
costs results in a rate of return on development costs of almost the same as a low-voltage supercon- 
ducting generator development program. Since the risk of encountering a critical problem on high- 
voltage generators is greater than on low-voltage generators, it appears appropriate, at this time, to 
concentrate exclusively on low-voltage superconducting generator technology. 

Following the successful development of superconducting rotors in low-voltage generator applica- 
tions, it would be appropriate to again assess the potential economic advantages of high-voltage 
generators. The reassessment study would have the advantage of having more reliable develop- 
ment costs and savings estimates to better define the long-term economic benefits to the industry. 
The reassessment would also gain from the technical knowledge obtained from experience with 
low-voltage superconducting generator air-gap windings. 

1.2 PRIMARY APPROACH: MONOLITH CYLINDER ARMATURE 

Section 2 presents the design studies performed on the monolith cylinder armature to assess the 
technical feasibility of the design concept and to determine acceptable engineering criteria. Several 
of the studies explore potentially critical problems and identify modified component designs which 
resolve the problems. Other studies explore component modifications that produce design optimi- 
zation. Methods of calculating mechanical and electrical stresses within the armature are presented, 
and the calculated stresses are evaluated in terms of required material specifications and machine 
design limits. 

New winding arrangements that produce smooth circumferential voltage grading and eliminate large 
phase break voltages are evaluated. Such winding arrangements are necessary to eliminate destruc- 
tively large electrical creepage and puncture stresses. A novel delta-connected winding is selected 
as the preferred winding arrangement. Different winding coil shapes are also evaluated. 

Generator sizing studies which describe the sensitivity of generator dimensions to variations in ro- 
tor diameter, armature winding current density, average insulation dielectric stress, and terminal 
voltage are performed. The large insulation volume in a high-voltage armature produces large mag- 
netic dimensions which may limit the maximum ratings that can be shipped. The calculated mag- 
netic dimensions are very sensitive to changes in voltage rating or insulation dielectric stress, both 
of which affect the insulation volume. 

The sizing studies are used to select best designs for 600 MVA, 3^5 *cV and 1200 MVA, 500 kV 
units. Detailed component designs are performed for both selected ratings, and operating perfor- 
mance is evaluated. 

Stator winding forces during sudden short circuit and normal operating conditions are calculated. 
The stator winding forces are in turn used to calculate mechanical stress levels within the armature 
structure in order to establish the mechanical requirements of the insulation material. The calculat 
ed mechanical stresses appear to be low and are well within the limitations of the proposed oil- 
impregnated pressboard insulation material. 
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• Economic analysis sensitivity studies accounting for a number of different electrical growth 
rate, cost savings, and development cost scenarios over a thirty five year period (1986-2020) 
provided a wide range of potential economic savings to the electrical industry for both the 
low-voltage and high-voltage superconducting generator development programs. The results 
are, as might be expected, very sensitive to all the variables, and the reader should review the 
data and judge the merits of the rationale used to produce the variables. Two similar electrical 
growth rate scenarios using average unit cost savings estimates provided a present worth sav- 
ings (1985 dollars) of 144 million dollars for the low-voltage superconducting generator 
development program and 375 million dollars for the high-voltage superconducting generator 
development program. The breakeven years were 2011 and 2010 respectively. Rates of re- 
turn on development costs were 11% and 13% respectively. 

1.1.8 Technical Assessment 

High-voltage superconducting generator concepts represent radical departures in design and con- 
struction from the concepts used in low-voltage superconducting generators, since the stator wind- 
ings will be significantly different than what is used in low-voltage superconducting generators. 
Although the high-voltage stator windings will use many of the known high-voltage step-up 
transformer technologies, the winding support system and the electrical stresses on the insulation 
system are cifferent from any known similar applications. Preliminary designs and analyses present- 
ed in this report have uncovered and solved a great number of potential design problems. How- 
ever, final assurance of commercial feasibility will depend on operating experience with machines of 
at least the mid-range of commercial ratings. 

Since operating experience on large superconducting generators can not be obtained by a natural 
evolution of larger and larger ratings, as has been the case with conventional generators, a series of 
rapidly escalating rating sizes will be required to prove that low-voltage or high-voltage supercon- 
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tors mainly as a result of the very low neid losses inherent in the superconducting field design. 
Efficiency improvements of 0.5% for both low-voltage and high-voltage superconducting generators 
over conventional generators were used in the economic analyses to calculate first cost operating 
savings. 

1.1.6 Power System Considerations 

Power system studies for high-voltage superconducting generators connected directly to transmis- 
sion lines arrived at the following conclusions: 

• Acceptable power station arrangements can be devised using either wye-or delta-connected ar- 
mature windings. However, modified and somewhat more expensive auxiliary equipment will 
be required to provide acceptable system grounding. 

• Generator winding voltage excursions experienced during line-to-ground faults, load rejec- 
tions, and impulse conditions will be as high or higher than what is presently experienced in 
high-voltage step-up transformers. Thus, commercial acceptance testing techniques similar to 
those required for step-up transformers will be required for high-voltage generators. 

• Satisfactory generator relay protection can be devised. However, due to the high-voltage en- 
vironment in which some of the current transformers are required to operate, new electronic 
current transformers must be developed. 

• The low inertia superconducting rotors required in high-voltage generators produce the same 
potential problems that have been identified in low-voltage superconducting generators: High 
shaft torsional duties will occur during system faults and transmission line reclosing, and 
turbine-generator rotor overspeed control will be more difficult than that for conventional 
generators. The optimal solutions to these problems and the possible cost penalties to resolve 
them have not been fully defined. Due to the inability of assigning these cost penalties, they 
were not included in the economic analyses. Thus, from this area of concern, the economic 
analyses results may be considered optimistic. 

• Stability studies suggest that high-voltage superconducting generators will provide improved 
steady-state and transient stability performance as compared to conventional units. Transient 
stability studies show a potential 2 cycle improvement in critical clearing time. With these im- 
proved stability characteristics, it could be speculated that the use of superconducting genera- 
tors could significantly reduce the utility industry's cost of transmission line installation. 
These savings would result by eliminating the need for a new or extra transmission line on an 
expanding utility system which would have marginal stability with conventional generator criti- 
cal clearing time characteristics. Due to the difficulty of assessing how many new transmission 
lines could be eliminated over the next 35 years if superconducting generators were used, no 
potential cost savings for transmission line elimination were included in the economic analy- 
ses. From this area of concern, the economic analyses may be considered pessimistic. 

1.1.7 Economic Analysis 

Comparative economic evaluations of conventional generators, low-voltage superconducting genera- 
tors, and high-voltage superconducting generators provided the following conclusions: 

• Estimated utility first cost savings (1985 dollars) for low-voltage and high-voltage supercon- 
ducting generators compared w*t: conventional generators are shown in Figure 1-6. The cost 
savings reflect estimated capital cost differences and evaluated lower operating costs resulting 
from projected improved efficiencies. The use of high, average, and low savings estimates ac- 
count for the uncertainties in identifying the material and labor costs which will be required to 
provide mature generator designs. The estimated savings for high-voltage generators are 
greater than for low-voltage generators, reflecting the additional cost savings produced by 
eliminating the capital cost of the transformer and the transformer electrical losses. 
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1.1.4 Generator Size Relationships 

The active volume relationships of low-voltage and high-voltage superconducting generators with 
conventional generators are shown in Table 1-1. To provide direct comparisons between helical coil 
winding high-voltage generators, which have no end-winding overhangs, and diamond coil winding 
conventional and low-voltage superconducting generators, which have considerable end-winding 
overhangs, the active volumes listed in Table 1-1 are based on total winding lengths that include 
overhangs where applicable. 

Based on these data for 600 MVA generators, the low-voltage superconducting generator is 30 to 
40% smaller than a conventional generator. The 345 kV high-voltage generator is 25 to 30% larger 
than the low-voltage superconducting generator. The 500 kV high-voltage generator is 80 to 85% 
larger than the low-voltage superconducting generator and is 22% larger than the conventional gen- 
erator. These size relationships reflect the poorer electrical coupling between the rotor and stator 
windings because of the large insulation volumes required for the high-voltage generator. The 
larger unit sizes required for high-voltage generators will limit the maximum generator rating which 
can be designed and shipped in an economical frame construction. This limit may detract from the 
long-term benefits of the high-voltage generator concept. 

1.1.5 Generator Electrical Losses 

Calculated electrical losses of high-voltage superconducting generators are of the same order of 
magnitude as those calculated for low-voltage superconducting generators. The electrical losses of 
both superconducting generator approaches are significantly less than those of conventional genera- 



Table 1-1 

ACTIVE VOLUME RELATIONSHIPS 
600 MVA GENERATORS 



Generator Design 


Core 
Diameter 
Inches 


Total 
Winding 
Length 

Inches 


D 2 L 
x 10 6 


Per 
Unit 


Conventional (22 kV) 
Diamond Coil Winding 






2.52 


1.0 


L-V Superconducting (24 kV) 
X d - 0.2 

Diamond Coil Winding 
150 A/cm 2 Current Density 


105 


153 


1.69 


0.67 


H-V Superconducting (345 kV) 
X d - 0.27 

Helical Coil Winding 

300 A/cm 2 Current Density 


111.2 


173 


2.14 


0.85 


H-V Superconducting (500 kV) 
X d - 0.27 

Helical Coil Winding 

300 A/cm 2 Current Density 


119 


217 


3.07 


1.22 


• Superconducting Generator Designs Use 50 V/mil 
Insulation Stress 






• Total Winding Lengths Include Diamond Coil 
End-Winding Overhangs. 
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connected winding arrangement is employed to provide a smooth electrical voltage grading 
throughout the winding so that high electrical stress concentrations can be eliminated. 

Figure 1-5 illustrates a radial-axial cross-section of the monolith cylinder armature and its cooling 
scheme. The stator end regions are flooded with a dielectric fluid that is pumped through axial 
cooling passages in the winding, core, and insulation cylinders. The dielectric fluid, which can be 
either transil oil or Freon flourocarbon fluid, also serves to control electrical stresses in the arma- 
ture end regions. The external cooling equipment is of the type used by large step-up transformers, 
and the main heat exchanger is a fan-cooled radiator. The external cooling equipment and the en- 
tire stator casing must be hermetically sealed to prevent the dielectric fluid coolant from absorbing 
moisture from atmospheric humidity. Rotor windage losses are removed by pumping air from the 
ambience through the bore. 

1.1.3 Insulation System 

Based on an extensive review of high-voltage insulation technology and the identification of the 
electrical creepage and puncture stresses that will be experienced in the high-voltage generator, it 
has been concluded that present-day high-voltage transformer technology must be employed for 
both insulating materials and dielectric design. The dielectric-fluid-impregnated cellulose press- 
board insulation system appears to be the only insulation system that will guarantee long-term 
operation at the high electrical creepage and puncture stresses identified in the high-voltage genera- 
tor. The fluid impregnation ensures that all voids resulting from assembly operations and cracks 
resulting from winding forces or thermal expansion forces will be filled with dielectric fluid. Thus, 
incipient electrical insulation damage due to ionization in voids will be minimized. 

The considerable transformer industry experience with transil oil makes it the preferred dielectric 
fluid impregnant. However, Freon may be utilized instead if the fire hazard of transil oil within the 
power station machine hall is considered objectionable. The dielectric experience with a Freon im- 
pregnant is minimal and extensive dielectric testing would be required to support its application. 
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Cooling Scheme for the Monolith Cylinder Armature 
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Figure 1-3. Cross-Section of the Monolith Cylinder Armature 




ure 1-4. Fully Helical Winding for the Monolith Cylinder Armature 
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Figure 1-2. High-Voltage Generator Conceptual Designs. 
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Figure 1-1. Connection of Generators to Transmission Lines with and without Step-up 
Transformers 

valuable background for the technical and economics! studies performed for the high-voltage super- 
conducting generator. Many electromagnetic models and computer programs developed for the 
low- voltage superconducting generator -were utilized fcr the high-voltage superconducting generator. 

1.1 PRINCIPAL CONCLUSIONS 

1.1.1 Primary Design Approach Selected 

A large number of novel high-voltage generator conceptual designs were revealed during the study. 
Figure 1-2 displays the basic conceptual designs which vere identified, and many variations of these 
designs were also identified. As a result of the design evaluations of the advantages, disadvantages 
and potentially critical problems of each design, jt was concluded that the monolith cylinder arma- 
ture has the best potential of being proven technically and economically feasible. 

Detailed design analyses performed on monolith cylinder armature designs at 600 MVA, 345 kV 
and 1200 MVA, 500 kV ratings revealed a number of potentially critical technical problems. 
Analytical studies of each problem area indicated that there are viable solutions for all of the ^ 
identified problems, but the maximum practical voltage was established to be 500 kV, since higher 
voltage ratings (765 kV and greater) would require nneconomically large unit sizes. 

1.1.2 Description of the Monolith Cylinder Armature 

The complete d ;.-*n details of the monolith cylinder armature are described in the various sections 
of this report, but a brief description of the armature will be provided here. Figure 1-3 illustrates a 
cross-section of the monolith cylinder armature in its most elementary form. Two cylinders of con- 
ductors are encapsulated by three cylinders of insulation, and the entire structure is fastened to a 
toothless iron core. The insulation cylinders must be thick enough to withstand the line-to-line and 
line-to-ground voltages imposed upon them. Each conductor layer cylinder can contain from one tc 
two thousand individual conductors. Figure 1-4 illnsrmr.es the fully helical coil construction. The 
gently curving shape of these coils allows dense conso^ior packing and eliminates mechanical stress 
concentrations that can result from coil bends in other types of coil shapes. A novel delta- 



1-2 



Section 1 
SUMMARY 



Technical research and development efforts performed by the General Electric Company for the 
Electrical Power Research Institute under contract RP 1716 "High-Voltage Stator Winding 
Development" are described in this document. The goals of this research project were (1) to 
develop conceptual designs of large steam-turbine generators that can be connected to transmission 
systems without step-up transformers (Figure 1-1) and (2) to assess their technical and economical 
feasibility. The motivation for the development of such generators is to eliminate the purchase cost 
of the high-voltage step-up transformer and the operational cost of its losses. The general objec- 
tives of this research program were to — 

• Review the technical literature (Appendix A) to identify all published conceptual designs of 
generators which can be operated at transmission-level voltages (230 kV and greater) 

• Propose new conceptual designs for high-voltage generators 

• Perform preliminary design studies of each conceptual design to identify critical problems and 
to propose possible resolutions 

• Perform an evaluation program to select the conceptual design having the greatest potential cf 
being proven technically and economically feasible 

• Perform as detailed a design study as possible on the selected primary conceptual design to 
identify its physical characteristics and limitations. Design studies were performed for two- 
pole units of 600 MVA, 345 kV and 1200 MVA, 500 kV ratings 

• Evaluate the power system implications of high-voltage generators 

• Provide a comparative economic evaluation of conventional generators, low-voltage supercon- 
ducting generators, and high-voltage generators 

• Identify possible follow-on development effort based on an assessment of the technical feasi- 
bility of high-voltage generators and the magnitude of their potential benefit to the electric 
utility industry. 

The concept of developing transmission-level- voltage generators has evolved, in part, from the ex- 
tensive domestic and worldwide effort being performed to demonstrate the technical feasibility of 
superconducting generator rotors and their economic benefits to the electric utility industry. The 
successful development of superconducting rotors provides a unique opportunity to seriously con- 
sider designing generators at present-day transmission-level voltages, since the large excitation capa- 
bility of the superconducting field makes it possible to employ air-gap armature windings having 
'sufficient insulation thicknesses to support the transmission-level-voltage electrical stresses. The 
successful high-voltage generator would eliminate the capital cost of the step-up transformer and 
the operational cost of its electrical losses, and rough cost savings estimates indicate that these can 
amount to between 10 and 14 million dollars for a 1000 MVA unit. These cost savings are in addl- 
: tion to those associated with the superconducting rotor's elimination of the field electrical losses. 
The cost savings, however, must be weighed against the development costs o£ high-voltage super- 
conducting generators, and the results of economical analyses performed in this study will indicate 
if follow-on development efforts are warranted. 

This technical study was primarily directed at exploring the high-voltage stator winding concept. K< 
significant effort was devoted to upgrade the designs of superconducting rotors and low-voltage air- 
gap armature windings. However, the General Electric Company's involvement with the EPRI. - 
sponsored development of low-voltage superconducting generators (Reference 1-1) provided in-. 
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The degree of overvoltage that is experienced is influenced by the de-excitation speed that can be 
employed. The limits of the de-excitation speed depend on the maximum short-time field voltages 
which can be tolerated. In both of the studied load rejection cases, the field is de-excited at t = 
.067 s by switching a 1.5 (l resistor across the field. This causes approximately 4000 V to appear 
on the superconducting field, which Reference 4-5 judges to be a reasonable maximum. In order to 
explore the effect of de-excitation, rate on short-time overvoltages, a range of discharge resistor 
values was considered. The results given in Table 4.3-1 indicate a negligible effect on the peak 
voltage although the time of decay is directly affected. Figure 4.3-5 illustrates the initial load rejec- 
tion profile with a 0.75 n discharge resistor. 
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4.4 GROUNDING TRANSFORMER SHORT-TIME FAULT CURRENT REQUIREMENTS 

Grounding for the delta-connected high-voltage generator is accomplished with the unit auxiliary 
transformers, which in their role as grounding transformers must also carry substantial short-time 
ground fault currents. The severest fault condition would be like the load rejection cases studied in 
Section 4.3, where a permanent line-to-ground fault is assumed and the fault current decays at a 
rate that is a function of the machine time constants. While such duty is unique insofar as ground- 
ing duty is considered, the long-time fault current decrement duty on the auxiliary transformers is 
not. Reference 4-6 discusses the through-fault current decrements which a typical unit auxiliary 
transformer must withstand. As a basis of comparison, the per unit transformer winding current 
for the high-voltage generator fault conditions illustrated in Figures 4.3-3 and 4.3-5 are plotted on 
Figure 4.4-1 together with typical fault current duties derived in Reference 4-6. It is apparent that 
even with the 0.75 ft field winding discharge resistor, the short-time duty for the high-voltage gen- 
erator auxiliary transformers is not excessive. 
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4.5 LINE RELAYING CONSIDERATIONS 



The influence of the degree of system grounding provided at the generating station on the ability of 
the line relays to operate correctly for line-to-ground faults was investigated. Effective line relaying 
is provided with negative sequence current quantities, so this should not be a factor in considering 
delta-connected high- voltage generators and the degree of grounding provided. 

4.6 GENERATOR LEADS 

The main leads of the high-voltage generator will require no major development, since they will uti- 
lize either SF$ gas-insulated buswork or high-voltage cable. There is much 345 kV cable experience 
but little experience at higher transmission voltages. The gas-insulated bus is available for all 
transmission voltages. 

Cable connection to the switchyard would be made without intermediate taps because auxiliary 
transformer, surge arrester, etc., connections could be made in the high-voltage switchyard. Gas- 
insulated buswork could provide a little more flexibility in equipment location. Figure 4.6-1 illus- 
trates one arrangement schematically. 

The overall physical dimensions of gas-insulated bus containment is not significantly different in di- 
ameter than the isolated phase bus of a conventional unit. The inner current-carrying conductor of 
the gas-insulated system carries far less current, but it must be designed for control of much higher 
voltage stresses. Any cost difference between high-voltage generator buswork and conventional 
generator buswork will be relatively small and will not be a significant factor in the economic ap- 
praisal of the high-voltage generator. 




Figure 4.6-1. Gas-Insulated Buswork for the High-Voltage Generator 
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4/7 PROTECTION OF HIGH-VOLTAGE GENERATORS 



The preferred winding arrangement for the high-voltage armature is the 60° phase-belt, two-circuit 
delta arrangement illustrated in Figures 2.1-15 and 2.1-16. In determining the protection for this 
type of winding, two arrangements of the circuit leads are considered, as shown in Figure 4.7-1. 

The arrangement illustrated in Figure 4.7-1 A is labeled the single-delta arrangement because the two 
circuits of each phase are paralleled internally and only one set of delta connections is required. 
The two phase leads of each phase are brought out through high-voltage bushings and the delta 
connections are performed externally. Current transformers (CTs) are placed in each circuit and in 
the high-voltage bushings. Additional CTs are shown in the generator leads. 

The arrangement illustrated in Figure 4.7-1 B is labeled the double-delta arrangement because two 
separate delta connections are performed internally from the two sets of circuits. Leads from each 
delta junction are exited through high-voltage bushings and the deltas are paralleled externally. 
This arrangement is the most natural to the winding and requires the least amount of internal lead- 
work. CTs are placed in the bushings and in the generator leads. 

While in each arrangement there are three CTs in each bushing and three CTs in each lead, only 
four CTs per phase are actually required for protection purposes. It should be noted that the CTs 
in the generator leads are free-standing high-voltage CTs. 

4.7.1 Protection Arrangements 

Figures 4.7-2 and 4.7-3 illustrate the proposed protection arrangements for the two circuit-lead 
configurations. These arrangements provide fault protection for both the stator and the rotor and 
protection for abnormal operating conditions. For purposes of clarity, only one phase of the stator 
fault protection is shown. 

Protection is provided for the following conditions: 



Device Number Protection 

21 Impedance relay for backup protection for uncleared system phase faults. 

21G Impedance relay for backup protection for faults in the generator and 

generator leads 

32 Reverse power relay for antimotoring protection 

40 Impedance relays for detection of loss of excitation 

46 Negative sequence overcurrent relay for the detection of unbalanced currents 

51TN Time overcurrent relay for backup protection for uncleared system ground 

faults 

59VHZ Volts/hertz relay for overexcitation protection 

60 Voltage balance relay for detecting a blown fuse in the potential transformer 

circuits 

64F Voltage relay for detecting ground faults in the fie'i 

78 Impedance relay scheme for detecting a loss of synchronism 

81 Under frequency relay to detect prolonged operation at reduced frequencies 

87B Differential relay. In Figure 4.7-2, this relay provides backup protection 

for generator faults and primary protection for the leads from the generator 

to the circuit breakers. In Figure 4.7-3, this relay provides only 

primary protection for the leads from the generator to the circuit breakers. 
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(A) Single-Delta Configuration 




(B) Double-Delta Configuration 

Figure 4.7-1. Arrangements of Circuit Leads and Current Transformers for the Protection of 
the Delta-Connected High-Voltage Armature Winding 
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87G1 Split phase differential relay. In Figure 4.7-2, this relay is primarily 

intended for the detection of stator turn and ground faults. In 
Figure 4.7-3, this relay provides protection for turn faults, multiphase 
faults, and ground faults in the stator. 

87G2 Differential relay for the detection of phase and ground faults in the 

generator 

87GN Zero sequence current differential relay for the detection of ground faults 

in the generator and generator leads 

For the most part, it appears that devices 21, 32, 40, 46, 51TN, 59, 60, 64F, 78, and 81 will pro- 
vide the same degree of generator protection for either circuit-lead configuration, and the protection 
provided would be essentially the same as for present-day conventional generators. On the other 
hand, there is some difference in the sensitivity and coverage provided for stator fault protection 
between the two circuit-lead configurations. Therefore, the fault protection for the single-delta and 
double-delta configurations will be discussed in more detail. 

4.7.2 Fault Protection for the Single-Delta Configuration 

The protection arrangement shown in Figure 4.7-2 provides the same degree of sensitive and 
comprehensive protection as that provided on present-day wye-connected conventional generators. 
In fact, the ground fault sensitivity may even be greater. 

The primary protection for the stator windings is provided by devices 87G1 and 87G2. As men- 
tioned previously, device 87G1 is a split-phase differential relay which provides stator turn fault and 
ground fault protection. The sensitivity of this protection is dependent on the amount of current 
unbalance between the two circuits in each phase, because the relay will have to be set above the 
level of any circulating current caused by circuit magnetic unbalance. While there is no turn fault 
short circuit current data available for the generator being considered, some previous work per- 
formed by the Massachusetts Institute of Technology on a similar type of generator indicates that, 
assuming no initial unbalance, a conventional differential relay would be able to detect a turn fault 
having as much as a .01 Ci fault resistance. 

The current transformers for the split-phase protection must be placed internally and are therefore 
prevented by space restrictions from being conventional-bushing-type CTs. Low-voltage air-core 
current transformers utilizing internally mounted relaying electronics for a fiber-optic alarm-signal 
transmission could be easily substituted. Figure 4.7-4 illustrates one such possible arrangement. 
Development work would be required for the specific application; however, the basic technoloy is 
well established and is described in References 4-7 and 4-8. 

Fault pressure relays widely used for transformer internal fault detection should be applicable to the 
high-voltage generator. It should also be possible to provide sensitive incipient fault detection 
through the use of gas detection and/or gas analysis devices presently used on power transformers. 
Potential faults in the stator may start as localized hot spots in the stator winding. Such faults will 
generate small amounts of gas which can be detected by a gas detector relay or through a 
microprocessor-based oil monitor. The gas detector relay is a simple float-type of device which ac- 
cumulates any gas generated in the stator. When a given amount of gas is accumulated, the relay 
will sound an alarm. The gas can then be analyzed to determine the existence of an incipient fault. 
Concentrations of certain gases indicate dielectric degradation, rcing, corona, or hot spots. The 
microprocessor-based oil monitor provides a sophisticated method for measuring concentrations of 
dissolved gases in oil. This equipment can be programmed to extract oil samples at preset time in- 
tervals and then determine the concentration of nine different gases through chromatographic anal- 
ysis. The data is stored and displayed in bar chart form on a paper chart recorder. Again, the con- 
centration of certain gases would indicate an incipient fault in the unit. Additional development 
work would be required to study the adaptability of transformer fault pressure relays or gas analysis 
devices to the high-voltage generator. 



4-24 




4-25 



:**-{;. i . : : 




4-26 




Figure 4.7-4. Air-Core Current Transformers and Internally Mounted Relaying Electronics 
for Split-Phase Protection 



Device 87G2 is a conventional generator differential relay that provides phase-to-phase fault, three- 
phase fault, and ground fault protection for the stator winding. This type of protection has a 0.2 A 
- pickup under no-load conditions and a 0.5 A pickup under full-load conditions. According to fault 
calculations made by MIT, it is possible that this protection could detect a phase-to-phase fault with 
as much as a 100 ft fault resistance. While there is no data available on ground fault current mag- 
nitudes, it is likely that both device 87G1 and device 87G2 could detect these faults anywhere in 
the winding. The operating times of both types of protection is from 1 to 2 cycles. 

Device 87B is a high-speed bus differential relay which is capable of detecting both phase and 
ground faults in the generator and the generator leads. This relay can provide more sensitive pro- 
tection than a standard generator differential relay. 

The combination of devices 87G1, 87G2, and 87B provides overlapping high-speed primary and 
backup protection for the generator. 

Backup protection for ♦he generator leads and additional backup for the generator are provided by 
devices 21G, 87GN, -^d 51TN. 

Device 21G, an impedance relay which is connected to "look" into the generator, provides backup 
protection for phase faults. Time delay will have to be used with this relay in order to prevent pos- 
sible misoperations due to stable swings. 

Device 87GN is connected in a zero sequence current differential scheme and is used to detect 
ground faults in the generator zone. Time delay may have to be used with this relay to prevent 
operation on external faults. 



4-27 



LiTjyti tc 'device jSrEh is a system 
the ran 

1 fi pi ovided x>n conventional generators, 



vide 



f proti&ioif ffl^ 4;1?23s"eii 
itional generators, i Preliminary \ calculations 



I i N tti^^fauli p^teytion^ for the doubie^delta coMgu ration is not: as seMitjve pr|cornpre}ie] 
* ' ; "' v v ~; the sinrfe-delta'i^angemeht ; ^thVCTs onlyv available at ttie'tenhm^of^^ ijT 



As shown in Figure 4.7-3, split-phase differential scheme 87G1 is used for wmding; rauU protection. ; 
:1 : Again, the sensitivity of the tuni fault protection is dependent on the unbalance between cii^its. ; , 
}]\ However, in this case, tlie relay will see the unbalance between the circuits^ 

! rV^ampte* the Phase A relay- will see the "unbalance between the circuits in the B^*£k^3^l{ Hi rf : . 

h phases. Depending on how theise currents add ;up, the circulating current: could be higher brlower 
than in the single-delta configuration. Another factor which affects the sensitivity is the fact that 
the currents being compared include currents from two phases. For example, for a turn fault in 
winding (A-B), the current in the CTs includes the phasor addition of the current from winding 
(A-C). Assuming no initial unbalance and using the data from the MIT study, the relay will only 
detect a turn fault with zero fault resistance. In the single-delta configuration, it was possible to 
detect a turn fault with as much as a 0.01 O fault resistance. For phase-to-phase faults between 
windings, this scheme would detect a fault with as much as a 100 n fault resistance. This scheme 
should also be able to detect ground faults anywhere in the winding. 

It should be noted that it is possible for two relays to operate for a fault involving one phase. For 
example, for faults involving winding (A-B), the relays in the (A) and (B) phases will see the un- 
balance caused by the fault. 

For backup protection, the high-speed split-phase differential scheme could be duplicated in each 
phase by using the spare CTs in the leads from the delta windings. This approach would provide 
two high-speed zones of protection for the stator windings. This duplicate scheme is not shown in 
Figure 4.7-3. Otherwise, impedance relay 21G will provide backup for phase faults, while 
differential relay 87GN and time overcurrent relay 51TN will provide backup for ground faults. 
There would be time delay associated with the operation of devices 21G, 87GN, and 51TN. 

The leads from the generator to the circuit breakers would be protected by a high-speed bus 
differential relay 87B, while backup for faults in this area would be provided by devices 21G, 
87GN, and 51TN. 



4.8 SHAFT TORSIONAL DUTIES 

l he torsional duty of the high-voltage generator must be investigated because the high-voltage 
generator's direct connection to the power system and its low-inertia superconducting rotor will exa- 
cerbate the effects of power system faults on the torsional duty of its shaft system. The elimination 
of the reactance of the step-up transformer increases the level of fault currents and the consequent 
torque on the generator rotor. The reduced superconducting rotor inertia, which is some 25% to 
35% that of a conventional generator rotor, allows greater torsional acceleration of the supercon- 
ducting rotor and consequent greater torsional stress on the generator-to-turbine shaft. 
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has been understock that cleared faults out on the power system: 
•I j \} i L||^j ?produ« much more severe torsional duty than does the standard terminal fault: more i 
: --f1 f}?* process appljing additional shock before thV respons^ 1 * 
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' ri n^lWt 1 ? ;depencleni on the torsional dynamics of the turbine-generator shaft system, the duration of 
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for the'600 MVA, 345 kV hij^-yblte^ was evaluated for 

tions of a three-phase fault applied immediately adjacent to the generator termin 
manner; to achieve the greatest torsional shock. These evaluations were performed for throe; f? t-J^ 
different turbine designs (892 MVA, 815 MVA, and 690 MVA) that were coupled to the Mg&r ^ 
voltage generator. Torsional duties were also calculated for conventional generators coupled to the 
same turbines and are used as a basis of comparison for the high- voltage generator. For evaluaton 
purposes, the high- voltage generator replaced the conventional generator without making any 
changes to the turbine-generator shaft stiffnesses. AH calculations were performed for faults at the 
generator terminals. The model and data associated with the turbine-generator designs are con- 
tained in Appendix I. 

The torsional responses of the turbine-to-generator shaft are displayed in Figures 4.8-1 to 4.8-3 for 
the three different turbines. The peak shaft torques for all shafts are listed in Table 4.8-1, with the 
turbine-to-generator shaft labeled as shaft 4-5. The turbine-to-generator shaft torques for the high- 
voltage generator are nearly four to six times that calculated for the conventional units. These in- 
creased torsonal duties are strictly due to the lower rotor inertia of the high-voltage generator and 
are to be expected from simple physical reasoning. If the generator rotor inertia is very small com* 
pared to the turbine inertia, a fault torque placed on the generator rotor will be resisted only by the 
generator inertia, since the turbine will resemble an infinite inertia. 

The shaft-torque comparisons would appear even worse if a transformer reactance was included in 
the calculations for the conventional units (modeling a fault on the transmission lines near the 



Table 4.8-1 

PEAK SHAFT TORQUES 
(average of positive and negative peaks) 



Shaft 


Conventional Generator 
Peak Torque (p.u.) 


High-Voltage Generator 
Peak Torque (p.u.) 




892 


815 


690 MVA 


892 


815 


690 MVA 


1-2 


NA 


.3 


NS 


.7 


.8 


NS 


2-3 


NA 


.4 


1.4 


.8 


1.1 


1.3 


3-4 


1.4 


1.0 


1.7 


2.1 


2.5 


3.0 


•4-5 


1.9 


1.3 


NA 


7.4 


7.3 


7.0 


5-6 


.2 


.1 


.1 


.43 


.33 


.3 



'LP turbine-to-generator rotor shaft 
NS - No shaft 
NA — Data not available 
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Figure 4.8-1. 



Fault Torque on the Turbine-to-Generator Shaft for a 892 MVA Turbine Con- 
nected to the High-Voltage Generator 



8.0 




0.0 



0.4 
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Figure 4.8-2. Fault Torque on the Turbine-to-Generator Shaft for a 815 MVA Turbine Con- 
nected to the High-Voltage Generator 
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Figure 4.3- 



trans former). 
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Fault Torque on the ^ Turblne-to-Generator Shaft for a 690 MV A Turbine Cok- f 
aected to the High-Voltage ViinCTator! Vi 3 ^| 1 1 lif^ | I :( i '? ' - I '.? W lU- 

The transformer reactance would reduce the fault currents and the applied fault 



on tne c 



onventional generator rotprsj 



■xi 



torque 

The conclusion to be drawn from these studies is that the turbine-to-generator shaft of the high- 

voltage generator will have to be considerably strengthened. : _ I j j '_■;■•>; ; ; ; - : i ; ^ \ 

4.9 SUBSYNCHRONOUS RESONANCE CONSIDERATIONS 

The phenomenon of Subsynchronous Resonance (SSR) describes the interaction between the tor- 
sional and electrical dynamics of synchronous generators with a series capacitor compensated power 
system The generator electrical and torsional dynamic parameters are important to the severity of 
possible SSR effects and are a legitimate concern in the evaluation of the high-voltage generator. 

The three components of SSR phenomena are: 

1. Induction generator effect 

2. Torsional interaction 

3. Transient shaft torque amplification 

The induction generator effect concerns the appearance of a generator negative resistance to the 
subsynchronous stator current. If the negative component of resistance exceeds the positive resis- 
tance components of the positive sequence network at or below the resonant frequency of the sys- 
tem, subsequent electrical responses will be unstable. The magnitude of the negative resistance is 
proportional :c the generator negative sequence resistance ~nd therefore affords a basis for design 
comparison. Any design effect that reduces generator rotor resistance will reduce negative se- 
quence resistance. The absence of iron in the superconducting rotor of the high-voltage generator 
produces a natural reduction in the rotor resistances; therefore, a high-voltage generator would be 
of benerit in reducing the SSR induction generator effect. 

The torsional interaction component of SSR phenomena is more affected by torsional dynamics 
than generate; electrical dynamics. Therefore, just as the shaft torsional duty for faults was worse 
for the nigh-voltage generator (see Section 4.8), so will the SSR torsional interaction also be worse. 



4-31 




m 



i#i;Hi ; :fi- : 



in 




In general, the contribution of the torsional dynamics to SSR torsional interaction is proportional to 
the contribution of the generator rotor in the torsional vibration behaviour of the whole turbine- 
generator.] The reduced inertia of the superconducting rotpr^idll increase this contribution in some 
modes of vibration. The mechanical design con-ecdom that improve normal fault-caused torsional 
duty, such as reduced turbirie-to-generator shaft section stiffness, will also suffice to improve the 
SSR torsional interaction performance. 

4.10 TRANSIENT STABILITY J - s ~, 

^W :i =£IifO : ^^ 

■ The very low synchronous reactance of the high-voltage generator with its superconducting rotor 
; tends to enhance both its steady state and transient stabiU^ characteristics, while its lower rotor in- 
ertia tends to degrade its transient stability characteristics. ^1'X jbnef study was made to compare criti- 
cal clearing times for the 600 MVA, 345 kV high-voltage g^perator and a conventional unit of the 
same MVA rating* The generators 'are'' modeled with the synchronous machinery equations 





described in Appendix H. Reactance and inertia data for the two 600 MVA machines are contained 
in Table 4.10-1. / - ■ ^ ' : ■ ■■ - ^ \*j rif 

The power system model uses a single equivalent reactance connected to an infinite bus. The post- 
fault reactance is twice the prefault reactance for all^cas^.^^^^ 

Figure 4.10-1 shows the results for a range of system reactances. A two-cycle improvement in criti- 
cal clearing time is indicated for the high- voltage generator.^ ^Tfife is a rather substantial improve- 
ment and is comparable to or greater than that attainable t>y?the addition of a very high perfor- 
mance excitation system on a conventional unit. 

- : - yrtmm 



Table 4.10^1 J .:f SI- 
REACTANCE AND INERTIA DATA FOR TRANSIENT STABILITY STUDIES 





High-Voltage Generator 


Conventional Generator 


X dv 
^transf. 

H 

Excitation 


.299 
.266 
.228 
None 
2.0 
Fixed E fd 


1.88 

.28 

.20 

.10 
2.5 

0.5 Response ratio 
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* Section 5 \ j " 

SECONDARY APPROACHES 



The monolith cylinder armature described in Section 2 was one of many concepts proposed for the 
high-voltage stator winding, but it proved to be the only one considered technically and economical- 
ly feasible. This section describes a few of the more important secondary approaches; the reasons 
for their technical and economical impracticability are documented/ 1 tt^ :-t- ^ ^ : ' 

5.1 SPIRAL PANCAKE ARMATURE >*'f--3M. I h&figsriyi i i J , i : : " 

; 5.1.1 Anna&re Topology * >l t ^mm~W H I MSBfe?* ^t-imW:^ r ' - : H * . ' • 

The spiral pancake armature has been proposed in both low-voltage and high-voltage forms for su- 
perconducting generators (Refs. 5-1 and 5-2), although only the high-voltage form will be discussed 
here. Figure 5.1-1 illustrates how this armature is assembled from preformed multiturn 
racetrack or pancake coils, each of which serves as a phase belt. Six such pancake coils are inter- 
leaved with major insulation blankets and assembled into a toothless corb.* The pancake coils and 
insulation blankets are arranged in a spiral fashion when viewed in cross-section, as illustrated in 
Figure 5.1-2. This spiral arrangement allows all pancake coils to be identical and to lie upon the 
same average radius, providing magnetic and electric symmetry (non-spiral arrangements of pan- 
cake coils require that the coils of different phases lie on different radii, producing magnetic dissym- 
metry). A bore seal tube is located at the interior of the armature structure for the purpose of seal- 
ing the armature from the rotor and air gap. '\ [■ ^ I r 




Figure 5.1-1. Spiral Pancake Armature Illustrating Pancake Coils 
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Figure 5.1-2. Cross-Section of a High-Voltage Spiral Pancake Armature ^ 

i 

< 

Individual pancake coils are wound in two layers, with the conductors being wound from the out- 
side inward on the first layer and inside outward on the second layer, as illustrated in Figure 5.1-3. 
Winding the coils in this manner allows the coil leads to be exited on peripherally opposite sides of 
the pancake coil (a single layered coil must have a lead running from the interior of the coil across 
the breadth of the coil in the end region, producing an irregular region of electric stress). The volt- 
age in a two-layer pancake coil builds up in the same manner that it is wound. Therefore, the volt- 
age difference between the two layers of the coil is zero in the center and builds :o a maximum at 
the edge of the coil. This voltage difference requires a wedge-shaped piece of insulation to be 
placed between the two layers, as illustrated in Figure 5.1-4. Each layer of the pancake coil can be 
wound from a continuous length of braided conductor, minimizing conductor connections. 

The intended winding connection for the spiral pancake armature is a single-circuit wye. Sec- 
tion 2.1 discusses how wye connections produce large voltage differences at the phase breaks, and 
the spiral pancake winding is not immune to this effect. The spiral arrangement of the pancake 
coils, however, skews the coil sides so that the phase break voltages become orientated in the radial 
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u,.^wui. (as opposed to the peripheral dirertion'in^tfic^-.-..----..^^ _ _ Tr: , 

sulation blankets interleaved between the pancake coiis are then sized to withstand the magaitudef^il fl v ._ 
•of the phase break voltages. Figiire 5.1-4 iliustrates the locatic[n of the phase breaks in a spjxaT Tp^|t|f|| 
cake armature. The pancake "coils can be wound and arranged in such a manner' that the largest!^ R Ulpfff 
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loMlnay'now be^ ts;nbt 

*as the monolith cylinder armature. The radial build-up of the insulation blankets and bore;a^ f .g;^|| || g : p p 
1 tuiie wnounts' to r 6.25 times line-tb-ground voltage,*' W opposed' to '3.73 times line-to-groumi voto*g$ liySfejL 
Ifbrtthe radial build-up of the insulation cylinders of the monolith cylinder armature. Tlfc pantt|| M | §11 Iff 
\cqiis 5 are 'devoid of conductors in their centets'and'miist be filled with an unproductive iMulaifcit j| (|ff & fljl | 
^Computer sizing studies for the spiral pancake armature, described in Section 5.1.2, will confirm line :i jftffH 



-ff ^ ^ r^-ti vi 



Thib electric stresses at tlte phase breaks will be studied in more detail in Section 5.1.3, and it win 
be shown that merely shifting the orientation of the phase break voltage does not eliminate ^1 of 

the problems associated with large phase break' voltages^ t: I: : | V \ ^ ""-ill 1 '. !/ ' ■- > ;: r 1 ^ 
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Figure 5.1-3. Winding Pattern of a Two-Lay :iJ Pancake Coil 
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.2; fixing Stodi| l i3p i|| 
Magnetic analysis of spiral pancake armatures is not* widely practiced arU |The basic J^qcedui , 
follow and the general results to >e expected arS sim 

Studies! Expenditure of the effort Vequired to formulate all the necessary geometi^^pecfflcre^i 
tions can be justifieb only if a detailed design is to be carried 'put, ,Howeyer;-with merest effcirl 
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a^ulunirom ''the center is bounded by jhe Inner and. buterniostjcpnductors-of fellp^ life 

sides of the pancake cbils^ The artual conbuctdrs within the annuius are d^ 1£: |l ^ 

fashion; "AMarge amounVpf insulation must" be necessanly included within ftis apnuhji; tod^^ ; || ; vT^, 
packing factor of copper within this annuius is consequently much lower than the copper packmk {\ \) | • | 
factor within the corresponding winding annuius of the monolith cylinder model. This lowered! -j ^ ^ 
packing factor affects only the current density to be entered into the model and does not affect the 5 
Validity of the model. The phases are concentrated into 60° sectors. Between the puferri^osrt con- : ; ? 
ductors of the inner lying coil sides and the innermost conductors of the outer lyipg coil sides, : f^j L ; 
there is a annuius containing only insulation, corresponding to the center insulation cylinder :of the 
monolith cylinder model. The outer winding annuius and outermost insulation annuius correspond 
to the monolith cylinder model in the same manner as described previously for the other annuli. 

Therefore, to obtain a two-dimensional magnetic representation of a spiral pancake armature, all 
that is required are reasonable means to assign thicknesses to the various annuli and current densi- 
ties to the annuli containing conductors. 




Figure 5.1-5. Model of a Spiral Pancake Armature, 600 MVA, 345 kV 
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\ TOc Lwini&ng^hnutt^ u> ? work at k constant am^^ 

sity r ljn the spiral pancake rriodeU the winSir^ afwilul cu af c ! com P u * cd f^rMU ^^lf fil^ 

; ing ampdre jturns for the actual" winding ^dlspreaSding them uniformly over {the winding: aMgfiig..f * ]; ^' 
Estimation of the ampere turns is further simplified by r averaging the J variation in radius jof tfe pan- 
cake coil side over the region of the winding anriuius. { That isv the coil side is presumed for calcula 
tion of ampere turns to be a sector of the winding annulus at the mid-radius of the winding an-* 
nulus, as illustrated in Figure 5.1-6.J1 Ejf. § I if - 1 ; & $ ^1 B I I ■ IS ^ 1 i ^ : * ■ I 
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Figure 5.1-6. Determination of Current Density for the Spiral Pancake Model 



The two-layer construction of the pancake coils produces a voltage difference of one-half line-to- v 

ground voltage between the two layers at the outer edge of the pancake coil. This voltage 

difference decreases approximately linearly to zero, going inward to the center of the coil. This 

voltage distribution requires a wedge-shaped area of insulation to be placed between the two layers, 

as illustrated in the developed view of Figure 5.1-7. The insulation wedge implies that there must 

be a minimum pancake coil thickness equal to the thickness of the insulation wedge at the outside < 

edge of the coil. In a minimum-thickness pancake coil, half of the coil side area would be devoted 

to the insulation wedge and the other half would be devoted to conductors. 



INSULATOR 



CONDUCTOR 



Figure 5.1-7. Insulation Wedge Separating Pancake Coil Layers 
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is .'a non-zero minimum; pancake coil thiclta 
fnimum conductor 'area/ If !thS conduVtor £^'£5''prewmed!tq work af - 
=this implies a:minirnum;number oi arm 
3 ■ jnuinber the corrfputef model requires' to achieve tffej specific atirig and reactinoc, Jhe ^o|r^mi 
-1 ■ ^n^ cpnver^e^bi solution.; To circumvent this difficulty, th< solution algorithm rms bce^sl ^ 
M Irnodified. Alterations are 5 performed with r an auxiliary pararriei ei£; If the auxiliary param^iegi ^ 
M ! f greater than &e r minimum pancake coil thickness, "it Js treated as this thlcWn&$s^ pi 
hi* 'ampere^uf n^are de term hied/fronv the armature' currenl density^ and the aippro3^at|^^Sd |t 
I ft i fpancakei witri due allowance for: the triahguIsEr-shiapefi insulation area. -|f &4s!K^^Sf?J" $1 
:% than the "minimum thickness/armature dim^eniions'are detennii{e^ 

[ 7 5; Uhickn^s ^ aJe Betermmed by subtracting the m jit| 

! ..;] i ^coh-slde . area* determined tiy Multiplying the arc length' and tfce; auxiliary variable, |ind^e9'iij^ 

jplymg thii^t^iri by trie current density. ^Tliie result is tliat arnpereUums^can be \ 
■ If hive values of the auxiliary WriabUS. This resuirpermtts the program to find a s^uti^|^^^ajea ! 
= I 'defined by this calculation has no physical significance; the definition has been selected^so^thatl 
■ ampere-turns will be a continuous function of the auxiliary parameter. Values of the auxiliary pa- ; 
rameter less than the minimum thickness can be interpreted to mean that the current density in the; 
conductor portion of the pancake coil is less than the specified value. The specified current density 
may then be interpreted as a maximum value. - ; i I ; ; \ ' / 

Because the program does not explicitly account for the insulation wedge in the coil side, the 
copper portion of the remaining area may be presumed to be high relative to that for monolith 
cylinder windings. A current density of 300 A/cm 2 has been assumed for these studies. 

The modifications just described have been incorporated into a sizing program similar to that 
described in Section 2.2.1. This program has been used to size 600 MVA machines at 345 and 
500 kV. Designs are produced for insulation dielectric stresses of 100, 75, and 50 kV/in. The end 
correction algorithm used is the same as that used for monolith cylinder armatures. There is no 
formal justification for this selection, but in view of the relatively low length-to-diameter ratios be- 
ing encountered in this study, some representation of the finite length effects is required. It is 
presumed that spiral pancake armatures and monolith cylinder armatures of similar proportions 
have similar end leakages. This presumption may well lead to comparisons favorable to spiral pan- 
cake armatures, because no allowance is made for additional core iron over the ends. The results 
are summarized in Table 5.1-1. 

Figure 5.1-8 compares monolith cylinder and spiral pancake armatures as a function of insulation 
thickness requirements. For every insulation thickness, the spiral pancake armature is larger. The 
increased sensitivity of the spiral pancake armature to insulation thickness is characterized by the 
generally steeper slopes. In addition, the spiral pancake armatures are longer than the correspond- 
ing monolith cylinder armatures. The 600 MVA spiral pancake armature at 50 kV/in. insulation 
stress is approaching limits both in diameter and length. 



Table 5.1-1 

BEST SPIRAL PANCAKE ARMATURES AT 600 MVA 
300 A/cm 2 MAXIMUM CURRENT DENSITY 



kV 


I'V/jn. 




JL 


JLl 


JL_ 






R? 


R 8 


Rq 






L 


>r 


xi 


_X 


345 


100 


9 


12 


14.5 


17.5 


19 


20.0 


26.8 


33.6 


40.4 


42.4 


57.9 


128 


.20 


.27 


.34 


345 


75 


9 


12 


14.5 


17.5 


19 


20.3 


27.9 


36.3 


43.9 


46.6 


60.8 


146 


.21 


.27 


.33 


500 


100 


9 


12 


14.5 


17.5 


19 


20.4 


28.3 


37.3 


45.2 


48.0 


61.8 


154 


.21 


.27 


.32 


500 


75 


9 


12 


14.5 


16.5 


IS 


19.9 


29.3 


40.6 


50.0 


53.9 


66.2 


171 


.22 


.27 


.32 


345 


50 


9 


12 


14.5 


16.5 


18 


20.0 


29.5 


41.2 


50.7 


54.7 


66.9 


174 


.22 


.27 


.32 


500 


50 


9 


12 


14.5 


16.5 


18 


20.9 


33.3 


49.5 


61.9 


67,7 


77.5 


234 


.24 


.27 


.31 



Note: Headings R| • X are identical to those listed in Table 2.2-1 
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Figure 5.1-8. 



Size Comparison of Monolith Cylinder and Spiral Pancake Armatures 



Figure 5.1-5 is drawn to proportion for the 345 kV, 50 kV/in. design. For comparison. Figure 5.1-9 
is the corresponding monolith cylinder armature drawn to the same scale. In addition to the in- 
creased armature volume, note that the spiral pancake armature has a thinner, larger diameter core. 
It may be necessary to increase the core thickness to provide structural stiffness. 

In conclusion, based on the study assumptions, the spiral pancake armature configuration has a 
poor space utilization that requires significantly larger machine dimensions. 




Figure 5.1-9. 600 MVA, 345 kV Monolith Cylinder Armature, to Scale with Figure 5.1-5 
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TKc intended winding connection Tor the spiral pancake armature Is a "sin 
Uon 2.1 describes how wye connections produce large voltages between adjacent cond 



? * ph«e breaki. -fin ja monolith ^linderairmature^ the* phase break' voltage a ppears' penphera 
P H manner "thaf ^the phwe break voltages become orientated Tn t te ra dial direction :Th< 



It was decided Jo Yurther explore ; the electriralireepage situation existing alrthe boujicfi^ 
blanket insulation 'and the extension of ^pagntcakeT coil insulation wedge. rAfiimte^len^nt 
statics program "was' used to calculate the^electrostatic field. Figure 5.1-10 Illustrates ;thi 
study, which includes the bore : 
the inner surface of one pancake 
? electrostatic field is illustrated 

electric stress are normal to the lines of constaint potential. The pancake coil captured at its <df 
■his line-to-ground voltage at the top layer and one-half line-to-ground voltage at the bottom layer. 
The pancake coil exposing its inner surface is of a different phase, and the voltage at this surface 
varies from ground to negative one-eighth line-to-ground voltage at the moment of time that the 
calculation is made. The inner surface of the bore seal tube is at ground. The dimensions of the 




r 

V 




Figure 5.1-10. Electrostatic Study Region of the High-Voltage Spiral Pancake Armature 
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Figure 5.1-12. Spiral Pancake Electrostatic Stress Riser 
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L=131" 




Salient Pole Stator 
600 MVA, 345 KV 

Figure 5.2-1. Rough Design of a Salient-Pole Stator 
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600 MVA, 345 kV SALIENT -POLE STATOR 
WITH SUPERCONDUCTING ROTOR 



Voltage 


345 kV 


Current 


1004 A 


Connection 


Wye 


Turns/Phase 


218 


Armature Current Density 


150 A/cm 2 , 967 A/in. 2 


Tooth Inner Radius 


28.6 in. 


Core Outer Radius 


86 in. 


Core Length 


131 in. 


Field Winding Inner Radius 


9 in. 


Field Winding Outer Radius 


12 in. 


Field Current Density 


1 x 10* A/m 2 


Field Turns 


1418 


L ff 


4.15 H 


L, f 


0.2496 H 


L 8 


0.0867 H 


L, 


0.2688 H 


Xsynch — &>(L g + L|/2) 


83.4H, .420 pu 


X'- w (L,+ L,/2-i- "T^> 


74.9Q, .377 pu 



c 
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Figure 5.2-2. Division of Salient-Pole Stator Flux into Two Portions 

(a) Flux Producing Gap Inductance L g 

(b) Flux Producing Leakage Inductance L f 
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MONOLITH CYLINDER STATOR AND A CONVENTIONAL GENERATOR 
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345 kV 


' 2462K 432K 
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(50 V/mil pressboard) 


1489 


24% larger than 
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29K 

(50 V/mil pressboard) 
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cylinder 
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Figure 5.3-1. Cross-Section of an Integral-Insulated Phase-Belt Armature with Taped Insu- 
lation 
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J : tor t)u ndle 1 ies on a slightly different radius and therefore lies on a slightly different helix. ISni 
; tibn, the faces of all but the centermost bundle do not align with the radial and peripheral xoor 
: nates. Therefore, each conductor bundle requires a separate bending form configured to afflj^xotic^ \ 
f?shap£ The conductor bundle assembly is likely to^bfcsfdw ami difficult;-/ 7 '. "** '^~^H\W*'*iv 

^Figure 5.3-2 niustrateC^couple of ehd-fconnection layouts. Peripheral electrical creepage ai the end 
: connections is avoided by spreading the connections axially J where there is more room to lengthen 
trie creepage paths. The connections start at the outermost pair of bundles, which are at the lowest 
potential. Connections are made with consecutively inward pairs of bundles, extending axially at 
each step. The innermost bundle, which is at the highest potential, has the greatest axial extension. 
In the upper design of Figure 5.3-2, there is a problem with electrical clearances between adjacent 
connections; in the lower design of Figure 5.3-2, the connections are bent outward. Figure 5.3-3 is 
a photograph of a model of the connections. 

Electrical creepage studies of these connections indicate no difficulties. The physical distance con- 
sumed by the conductors and connections is greater than that required for creepage considerations. 
The axial distance required by this connection scheme can be in the order of 4 ft on each end. 
When one also considers the additional axial clearance required between the axially furthermost 
connection and a grounded frame part such as the tank wall, it is realized that, while this connec- 
. tion scheme handles electrical creepage well, it will require considerably greater rotor bearing spans. 
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D PHASE-BELT ARMATURE - COAXIAL SYSTEM 

:em integral-insulated phase-belt armature (Ref. 5-3) utilize conduc- 
cally, with each turn being surrounded by a succeeding turn. Fig- 
ion of such a phase-belt. The winding would be connected in wye 
und and the innermost coax at terminal. The coaxial design elimi- 
nations, since the high voltage does not act on any single insula- 
over the summation of the coaxial turn-to-turn insulations (each 
. e coaxial arrangement of the conductors). Thin-turn insulation ma- 
v or mica tapes could be used. The elongated shape of the coaxial 
nierturn capacitances and create a more uniform surge voltage distri- 

concentric layers of 
Insulation and conductor 




Figure 5.4-1. Cross-Section of an Integral-Insulated Phase-Belt Armature with Coaxial 

Phsse-Belts 
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The coaxial arrangement of the conductors eliminates electrical creepage paths within the body of 
the winding. Electrical creepage at the end connections can be eliminated by a uniform axial taper- 
ing of the phase belt, as illustrated in Figure 5.4-2. This design is quite similar to the end connec- 
tions for the taped system integral-insulated phase belt, illustrated in Figure 5.3-2. The coaxial sys- 
tem end connections suffer the same deficiencies that the taped system end connections suffer. 
Mechanical considerations dictate that the axial extension of the taper be much longer than the ex- 
tension required for creepage considerations. This axial extension is in the order of four feet for 
each end. Additional axial distance is required for the clearance of grounded frame parts, and rotor 
bearing spans are likely to become excessive. 

The coaxial phase belts may be incorporated into armatures which have either one layer or two 
layers. The two-layer design would be most familiar. There would be a total of 12 coaxial phase- 
belts formed into helical coil shapes, with inner and outer layers twisting in opposite directions, ac- 
cording to the usual manner for a helical winding. This winding would be connected as a double- 
circuit wye (as opposed to a single-circuit wye) so that the outer coax of all phase belts may be 
grounded. A single-layer armature would incorporate six coaxial phase-belts that run axially 
straight down the stator bore. Diametrically opposite phase belts would be joined through a decid- 
edly Complicated end-connection scheme that is the hallmark of single-layer windings. This wind- 
ing would be a single-circuit wye. 



top view 



ground 



outer layer 



side view 



inner layer 




terminal 



jumpers 



Figure 5.4-2. End-Region Connections of the Coaxial Integral-Insulated Phase-Belt Arma- 
ture 
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The single-layer winding has a superior space utilization as compared to the two-layer winding; this 
is because the insulation is duplicated in the two-layer winding. Figure 5.4-3 illustrates a sizing 
comparison between the two -bindings at a 600 MVA, 345 kV rating. Both windings use insulation 
stressed at 50 kV/in. and a cc nductor-sheath current density which ranges from approximately 
300 A/cm : at the inner conductors to approximately 150 A/cm 2 at the outer conductors. Both 
windings start with a 19 in. armature bore radms. The conductors and the insulation are packed 
tightly and the core's resultant inner radii are determined. The double-layer winding has a 42 in. 
core inner radius as compared to a 32.5 in. core inner radius on the single-layer winding. The 
single-layer winding, therefore, has a two-to-one advantage in space utilization. However, the 
single-layer winding's difficult end connections pose a serious impediment to its feasibility. 

The conductor sheaths in the coaxial phase-belt must be extremely thin (less than 10 mils) because 
of the long coax perimeters. The conductor sheaths would have to be comprised of a thin, braided 
filament gauze and would likely resemble ladies* hosiery. It would not be practicable to provide 
cooling tubes for every conductor sheath, so it would be necessary to place layers of cooling tubes 
for every so many layers of conductor and insulation. The heat transfer through many layers of 
conductor sheath and insulation is not likely to be very satisfactory. 

armature inner radtus 




Two Layer Winding 




armature inner radius 
r = 19.0" 



core inner radius 
r =32.5" 



Single Layer Winding 

Figure 5.4-3. Comparison of Two-Layer and Single-Layer Coaxial Integral-Insulated Phase- 
Belt Windings 
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Section 6 

ECONOMIC ANALYSIS OF SUPERCONDUCTING GENERATORS 



Considering all the uncertainties associated with the new technologies required to introduce low- 
voltage and high-voltage superconducting generators, it is very difficult to perform a definitive 
economic analysis which can be used to make firm decisions for long-range development effort. A 
review of all past published economic studies shows that they have used only portions of a full 
economic study. These studies indicated significant economic advantages if the reliability and avail- 
ability of superconducting generators proved to be equivalent to present-day conventional genera* 
tors. Such studies had merit when the primary concern was proving the technological feasibility of 
superconducting generators. However, as development programs continue and as better knowledge 
is gained of technical feasibility, cost of manufacturing, cost of development, potential savings, and 
future business conditions, a more detailed economic analysis becomes necessary. 

In this section, a methodology is outlined and employed to compare the potential economic advan- 
tages of low-voltage and high-voltage superconducting generators over conventional generators. 
The methodology identifies estimated yearly development expenses and cost savings for a 35-year 
period, using an estimated introduction and penetration rate of low-voltage and high-voltage super- 
conducting generators. With these data, anticipated rates of return on industry development 
expenses can be calculated to provide an indication whether the effort will increase the industry's 
economic performance. Breakeven periods and present worth values are also calculated, and the 
calculations are performed for different estimate scenarios so that an understanding of the sensitivi- 
ty to the various assumed estimates can be obtained. 

The rationale behind the estimated values for the expenses and savings used in this analysis are 
described in following subsections. It is realized that many of the estimates are arrived at by a sub- 
jective process. No two persons or organizations will arrive at the same values. However, the 
methodology is presented so that updated data can be introduced in the future to continually im- 
prove the accuracy of the results. 

The uncertainties of the results are the greatest for comparing low-voltage and high-voltage super- 
conducting generators to conventional generators, since a number of technical problems and the 
effect of solving these problems on manufacturing cost and efficiency have not been fully resolved. 
For example, the following items were not included in the economic study: 

• Modifications required in turbine design to minimize overspeed during load rejections. This 
potential problem results from lowered turbine-generator total rotor inertia using lower weight 
superconducting fields. The solution to this problem could result in increased turbine control 
costs and possibly a turbine efficiency reduction which would offset the improved efficiency of 
superconducting generators. 

• Modifications required to minimize rotor torsional stresses when superconducting generator 
units are subjected to three-phase short circuits or fast reclosing conditions. 

• Reliability and availability that is not comparable to the present-day standards of conventional 
generators. A small deterioration in reliability and availability would completely eliminate 
even the optimistic savingr enarios shown in this analysis. 

• Potential savings resulting from improved steady state and transient stability associated with 
the lower reactances of superconducting generators. These savings could be included by 
speculating that superconducting generators would eliminate the need for 10 to 20 one 
hundred-mile-long transmission lines between the years 2000 and 2020 at a value of $50 mil- 
lion per line in 1985 dollars. Since these savings would not be realized until far into the fu- 
ture, the effects on the economic results would not be dramatic. 
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The economic comparisons of high-voltage and low-voltage superconducting generators with each 
other should have less uncertainty than the comparisons made to conventional units. The assump- 
tions and estimates used to calculate the results are based on similar reasoning, and the uncertain- 
ties listed above do not apply. However, the results must be tempered by the uncertainties and sub- 
jectiveness of the input data used to perform the analysis. 

The monetary values used in these analyses are total domestic industry quantities. The estimated 
development costs assume that two or more manufacturers will participate in the development 
effort, since a technically competitive environment will produce optimal results. 

6.1 METHODOLOGY OF ECONOMIC ANALYSIS 

The economic analyses presented in this section use a straightforward textbook methodology. Ta- 
ble 6.1-1 displays the basic approach. Estimated total industry development expenses and potential 
savings (1985 dollars) per each year from 1986 through 2020 are required for the analysis, and later 
subsections will discuss the logic used to arrive at the development costs and savings estimates. 



Table 6.1-1 
ECONOMIC ANALYSIS APPROACH 





Dev. Cost 


Est. Savings 


Years 


$ x 10* 


$ x 10* 


1986 


X, 




1987 


X 2 




1988 


x 3 




1989 


x 4 




1990 


x 5 




1991 


x« 


Zi 


1992 


x 7 


z 2 


1993 


x 8 


z, 


1994 


x 9 


z 4 


1995 


Xio 


z 5 


\ 


1 


\ 


Present Worth 


Present Worth 


Development Cost 


Savings 


N 






X X n (1+i) 


- 1 

(l+r,) n 


* z " (1+i, ° <>+„)• 


n 




n 


i — Inflation rate 






ri = Rate of return to cover cost of money (inc. inflation) 


Cost and savings are first period dollars. 




Inflation be removed from the equation by using an r 2 equivalent to: 




(1 + 0" 


1 




(1 + r,) n 


(1 + r 2 ) n 


In this case, an r 2 of 6% to 7% will define a breakeven period for a utility. This value includes 3% 


to 4% cost of money without inflation, plus 2% to 3% for capitalization (taxes, insurance, etc.). 



The present wonh of the development costs and savings can be calculated by applying interest for- 
mulas to account for inflation and the rate of return required to cover the cost of borrowing money. 
The present worth formula can be simplified by eliminating inflation from the formulas and using a 
modified rate-of-return (r 2 ). Computer programs which accept the yearly development costs and 
savings and calculate a rate of return are readily available. 

To establish whether the calculated rate of return describes a scenario that will significantly improve 
the industry's economic performance, it is necessary to define a minimum rate of return percentage 
which will produce a breakeven present worth value. In the utility industry, using noninflated dol- 
lars as the input values for each year, the modified rate of return must be 6% to 7% to describe a 
breakeven period. This 6% to 7% accounts for a long-term average cost of borrowing money of 3% 
to 4% (without inflation), plus 2% to 3% for capitalization expenses such as income taxes, in- 
surance, etc.. In this report, 7% has been used as the base criterion for each scenario. 

The results of the economic analysis for each scenario can be described in a number of different 
manners: 

• Rate of Return Value. This value must be greater than 7% or a breakeven period has not been 
achieved. The higher the rate of return over 7%, the greater the potential is for the project to 
improve the economic performance of the industry. 

• Breakeven Period or Year. The present worth of the savings is calculated for each year and is 
summed to the year in which the savings equal the present worth of the total development 
costs. The present worth calculations use r 2 = 7%. 

• Present Worth Value. The present worth using r 2 — 7% is calculated for both development ex- 
penses and savings. The net present worth is calculated by subtracting the development value 
from the savings value. 

The values described above can be considered to be qualitative indications of the merit of the proj- 
ect being analyzed. The decision as to whether the project should be selected for future develop- 
ment effort must be made by ascertaining whether other development projects, which would use 
the same development funds, could provide significantly greater financial benefits. 

6.2 RESULTS OF ECONOMIC ANALYSES 

Tables 6.2-1 and 6.2-2 contain the input data used to calculate the rate of return, breakeven period, 
and the present worth for a number of different business scenarios. Table 6.2-1 illustrates the 
economical comparison of low-voltage superconducting generators with conventional generators. 
Two different electrical industry growth rates are used to arrive at two different penetration rates for 
the low-voltage superconducting generators. The estimated yearly industry savings in 1985 dollars 
are shown for each year and are based on the introduction and penetration rate scenarios. The sav- 
f**^ ings estimates are displayed for high, average, and low savings scenarios. An estimate of the yearly 

industry development cost which would apply to either introduction rate scenario is shown. The 
methods and judgments used to arrive at these input values are described in following subsections 

Table 6.2-2 illustrates the economical comparison oi high-voltage superconducting generators witn 
conventional generators. Tables 6.2-1 and 6.2-2 allow a comparison of the merits of the high- 
voltage generator economic study (Table 6.2-2) with the low-voltage generator study (Table 6.2-1). 

The rates of return, the breakeven years, and the present worth values are shown for each scenario. 
Assuming that the average estimated savings scenarios are the most likely to be realized, the results 
show a potential for either the low-voltage or the high-voltage superconducting generator develop- 
ment effort to provide the industry with improved economic performance. However, the data also 
suggest that the economic benefit of a major effort to develop high-voltage generators for introduc- 
tion in the 1990's is little improvement on the economic benefit of the sole development of low- 
voltage superconducting technology. These results are of primary interest to help establish whether 
follow-on effort should be recommended for the high-voitage generator. 
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The sensitivity of the rate of return percentages to the high, average, and low cost savings estimates 
is shown in Tables 6.2-1 and 6.2-2. Figure 6.2-1 illustrates a sensitivity study where either develop- 
ment costs or savings are varied, with the other value held constant. Figure 6.2-1 demonstrates the 
sensitivity of the rate of return percentage to variations of the development cost estimates. The 
curve forms can be generally described by the analytical model shown in the figure. 
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Figure 6.2-1. Typical Sensitivity Study for Variations in Development Costs and Savings Esti- 
mates 
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6.3 GENERATOR INTRODUCTION AND PENETRATION RATES 



To arrive at the estimated yearly savings from using low-voltage and high-voltage superconducting 
generators, it was necessary to establish the number of units which could be expected to be added 
to the national grid during the study period from 1986 to 2020. This task was accomplished with 
the methodology outlined in Reference 6-1. 

Table 6.3-1 defines two domestic utility load growth rates. Based on these growth rates, the antici- 
pated added generator capacity for each five-year period is calculated. The low growth rate scenario 
is pessimistic. However, considering the 1% electrical growth rates recorded during the last two 
years and the large number of units shipped by manufacturers which have not been installed, this 
scenario represents a reasonable estimate of total new business installed capacity for at least the 
next 10 years. The medium or high growth rate scenario is more optimistic. However, it is still 
considerably below the 4.2% per year growth rate recently published in Reference 6-2. The results 
of the economic studies are very sensitive to the magnitude of the growth rate used. For example, 
the fact that present-day growth rate forecasts are significantly lower than the historical 7% per year 
has dramatically reduced the number of installed units and thus the potential savings during the 
years 2000 through 2020. The iower growth rates have also reduced the manufacturers' anticipated 
business level. Thus, available development funds to address new technology projects are 
significantly lower than in the past. The need for larger rating sizes, where superconducting genera- 
tor technology appears to have a significant advantage, has virtually disappeared. 

The average added equipment capacity entries in Table 6.3-1 are calculated by starting with the 
615 GW total installed capacity in 1980 (from Reference 6-3). The capacities for each successive 5- 
year period are calculated from the percent growth rates shown. It is assumed that 90% of the total 
installed capacity is steam and gas turbine equipment. Five-year added capacity values are obtained 
by subtracting earlier period capacities from successive period capacities. Estimated 5-year equip- 
ment retirement values are added to the 5-year added capacities to obtain 5-year total added equip- 
ment capacities. A yearly average added equipment capacity is obtained by dividing a 5-year total 
added equipment capacity by five. 

Using the yearly average added equipment capacity values and a judgment as to the introduction 
rate of demonstration generators during the development period, penetration scenarios can be gen- 
erated for the low and high load growth rate estimates for both the low-voltage and high-voltage su- 
perconducting generator economic studies. Table 6.2-1 displays the introduction and penetration 
rate for the low-voltage superconducting generator using the low growth rate estimate. The intro- 
duction rate for the high growth rate estimate is the same. The demonstration or development unit 
sizes are rapidly escalated to 1200 MVA ratings to provide the highest estimated savings based on 
potential market needs. Penetrations of the low-voltage superconducting generators are escalated 
after the 1200 MVA generator size has been reached. The penetration, however, is limited to 70% 
of the total anticipated added equipment capacity during the later years. This limit reflects the pos- 
sibility that not all the total added equipment capacity will be superconducting generator central sta- 
tions. That is, at least 30% will be gas turbines, small cogeneration stations, or other power sup- 
plies which will not use superconducting generator technology. 

The same types of judgments are used to arrive at the introduction and penetration rates for the 
high-voltage superconducting generator economic studies. A review of the data presented in Ta- 
bles 6.2-1 and 6.2-2 will show the major differences in the estimates used. The introduction rates 
are delayed based on the development effort starting later. The total penetration is lirr:;-d to only 
50% to 57% of the total added equipment capacity per year during the later years. This judgment is 
based on the possibility that high-voltage superconducting generators will have additional restraints 
that will preclude the higher 70% penetration estimated for the low-voltage superconducting genera- 
tors. For example, high-voltage generators appear to be limited to 500 kV. If 750 kV and higher 
voltage transmission lines are extensively used in the years 2010 through 2020, high-voltage gen- 
erators may not be selected. The physically larger generator sizes required to produce the same 
MVA rating could also limit the use of high-voltage superconducting generators in the future. 



6-7 



Table 6.3-1 

AVERAGE ADDED EQUIPMENT CAPACITY 
Low-Growth Scenario 







s 








Total Added 








Total 




Added 


Equipment 


Equipment 


Average Added 






Installed 


90% Steam- 


Capacity 


Retirement 


Capacity 


Equipment 






Capacity 


Gas Turbine 


5 Yr. Period 


5 Yr. Period 


5 Yr. Period 


Capacity 


% Growth 


Year 


GW 


GW 


GW 


GW 


GW 


GW/Yr. 




1980 


615 


553 










I 








45 


6 


51 


10.2 


1.5% 


1985 


662 


596 


















49 


6 


55 


11.0 


I 


1990 


717 


645 










1 








78 


6 


84 


16.8 




1995 


303 


723 


















89 


10 


99 


19.8 


2.3% 


2000 


900 


810 


















97 


10 


107 


21.4 




2005 


1008 


907 


















110 


10 


120 


24.0 




2010 


1130 


1017 


















122 


20 


142 


28.4 




2015 


1266 


1139 


















137 


20 


157 


31.4 


1 


2020 


1418 


1276 











Medium- or High-Growth Scenario 















Total Added 








Total 




Added 


Equipment 


Equipment 


Average Added 






Installed 


90% Steam- 


Capacity 


Retirement 


Capacity 


Equipment 






Capacity 


Gas Turbine 


5 Yr. Period 


5 Yr. Period 


5 Yr. Period 


Capacity 


% Growth 


Year 


GW 


GW 


GW 


GW 


GW 


GW/Yr. 




1980 


615 


553 










t 








74 


6 


80 


16.0 


2.5% 


1985 


693 


627 


















81 


6 


87 


17.4 


i 


1990 


786 


708 










1 








104 


6 


110 


22.0 


2.8% 


1995 


902 


812 


















121 


20 


131 


26.4 




2000 


1037 


933 
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149 


20 


159 


31.8 




2005 


1202 


1082 


















172 


20 


182 


36.4 


3.0% 


2010 


1394 


1254 


















199 


20 


219 


43.8 




2015 


1615 


1453 


















233 


20 


253 


50.6 


I 


2020 


1872 


1688 
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6.4 POTENTIAL SAVINGS ESTIMATES 

The yearly potential savings using high, average, and low estimates are shown in Tabies 6.2-1 and 
6.2-2. These values were calculated by establishing a present worth (1985 dollars) for both low- 
voltage and high-voltage superconducting generators compared to conventional generators. The 
saving estimates for the low-voltage superconducting generators account for the improved generator 
efficiency, which reduces fuel cost, and the estimated cost differences between superconducting 
generators and conventional generators. The cost savings estimated for the high-voltage generators 
account for the following items: 

• Generator cost differences 

• Generator efficiency improvements 

• Transformer cost elimination 

• Transformer losses elimination 

• Equipment costs to ensure adequate generator grounding 

It was pointed out earlier that there axe a number of other factors which could either reduce or in- 
crease these savings. However, the knowledge available to assign specific dollar values to these 
items is limited. Thus, in this study, it has been assumed that the extra cost items will be offset by 
the lower cost items. Future experience and/or more detailed studies will reduce the uncertainties 
in these cost estimates. 

The cost differences between conventional generators and superconducting generators were ob- 
tained by a cost estimating process comparing labor and material cost requirements. As a result of 
the uncertainties in identifying the labor and material costs involved with the new technology of su- 
perconducting generators, high, low, and average cost estimates were generated. Curves similar to 
Figure 6.4-1 were developed to show the estimated cost at the utility level of the different types of 
generators. The high, low, and average cost differences were obtained as shown in the figure. 
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Figure 6.4-1. High, Average, and Low Cost Differentials of Superconducting Generators over 
Conventional Generators 



6-9 



Figure 6.4-1 is representative of the approach used to establish the cost differences. The cost 
differences obtained from the estimated cost curves are shown in Tables 6.4-1 and 6.4-2. 

The improved efficiency values were arrived at by the use of a S1270/kW value derived in 
Appendix J. This value of efficiency is a utility's justified investment value in 1985 dollars for the 
savings in fuel during the lifetime of the unit. The efficiency values and generator cost differences 
can be added or subtracted to arrive at a single value of savings for the economic evaluation 



Table 6.4-1 

VALUE TO USERS - LOW-VOLTAGE S.C.G. OVER CONVENTIONAL GENERATORS 
1985 DOLLARS - $1270/kW EFFICIENCY EVALUATION 

High Sayings - Based on Low Generator Cost Differential Estimates 



MW 


MVA 


Gen. Cost 
S x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Total 
Savings 
S x 10 6 


270 


300 


0 


+ 1.71 


+ 1.71 


540 


600 


.25 


3.43 


3.68 


1080 


1200 


.7 


6.35 


7.05 



Average Savings - Based on Average Generator Cost Differential Estimates 



MW 


MVA 


Gen. Cost 
$ x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 


300 


-2.27 


L71 


-.56 


540 


600 


-2.14 


3.43 


1.29 


1080 


1200 


-2.27 


6.35 


4.08 



Low Savings - Based on High Generator Cost Differential Estimates 



MW 


MVA 


Gen. Cost 
$ x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 


300 


-4.66 


1.71 


-2.95 


540 


600 


-4.66 


3.43 


-1.23 


1080 


1200 


-5.29 


6.35 


1.06 



Efficiency ^ iluation =kWx .005 x Sl,270/kW 
(— ) — Negative Savings 



Table 6.4-2 

VALUE TO USERS - HIGH VOLTAGE S.C.G. OVER CONVENTIONAL GENERATORS 
1985 DOLLARS - $1270/kW EFFICIENCY EVALUATION 



High Savings — Based on Low Generator Cost Differential Estimates 



MW 


MVA 


i 

Gen. Cost 
$ x 10 6 


Gen. Eff. 1 
Savings I 
S x 10 6 j 


Transf. Eff. 1 
Savings 1 
$ x 10 6 


Est. Trans. 
Cost Savings 
S x 10 6 


Cost Grounding 
Equipment 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 
540 
1080 


300 
600 
1200 


-1.8 
-1.2 
-1.5 


1.71 
3.43 
6.35 


1.1 

2.17 

4.34 


2.6 
3.6 
6.5 


- .2 

- .3 

- .4 


3.41 
7.70 
15.29 


Average Savings — Based on Average Generator Cost Differential Estimates 


MW 


MVA 


Gen. Cost 
$ x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Transf. Eff. 
Savings 
$ x 10 6 


Est. Trans. 
Cost Savings 
$ x 10 6 


Cost Grounding 
Equipment 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 
540 
1080 


300 
600 
1200 


-4.28 

-3.91 
-4.91 


1.71 
3.43 
6.34 


1.1 

2.17 

4.34 


2.6 
3.6 
6.5 


- .25 

- .38 

- .76 


.88 
4.91 
11.51 


Low Savings — Based on High Generator Cost Differential Estimates 


MW 


MVA 


Gen. Cost 
S x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Transf. Eff. 
Savings 
$ x 10 6 


Est. Trans. 
Cost Savings 
$ x 10 6 


Cost Grounding 
Equipment 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 
540 
1080 


300 
600 
1200 


-6.80 
-6.68 
-8.44 


1.71 
3.43 
6.34 


1.1 

2.17 

4.34 


2.6 
3.6 
6.5 


- .25 

- .5 
-1.0 


-1.64 
2.02 
7.74 



Generator Efficiency Evaluation « KW x .005 x S1,270/KW 
Transformer Efficiency Evaluation - KVA x .95 x .003 x $1,270/KW 
(— ) — Negative Saving 
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Tables 6.4-1 and 6.4-2 show the calculated cost adders and savings for the low- voltage and high- 
voltage superconducting generators, respectively. High, low, and average estimates are displayed. 
The efficiency improvement evaluations used in the estimates are shown at the bottom of each ta- 
ble. The capital cost savings of the transformer elimination was set equal to the cost of four single 
phase transformers (three active and one spare). This cost value may be somewhat high, but it is 
consistent with an assumption of high transformer availability potential which the high-voltage gen 
erator will have to match. 

The results of the savings calculations shown in Tables 6.4-1 and 6.4-2 are plotted in Figure 6.4-2. 
This curve shows high evaluated first cost savings that are of the same order of magnitude that pre 
vious studies have shown. However, the values are tempered by the potential for low or medium 
savings if the generator cost differences axe ultimately found to be higher. The potentially greater 
savings using high-voltage generators appear to be dramatic. However, as pointed out in Sec- 
tion 6.2, when a full economic analysis is performed using estimated development costs and sav- 
ings, the rate of return benefits for the high-voltage generator are not significantly greater than for 
the low-voltage superconducting generator. 
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MEDIUM 

LOW 
HIGH 
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LOW 
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t 
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Figure 6.4-2. Potential User Savings (1985 Dollars) of Superconducting Generators over Con- 
ventional Generators 
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6.5 DEVELOPMENT COST ESTIMATES 



The long-term costs to develop superconducting generators are required to perform the economic 
analyses. In previous studies, these costs were not addressed. In this report, simplistic and subjec- 
tive estimates of these costs have been made. The cost values used in these analyses are based on 
the expenses required to develop and install the first 300 MVA low- voltage superconducting genera- 
tor at the TVA Gallatin station planned for completion in 1985. It has been estimated that the 
development costs of this project will be S33 million (Ref. 6-4). Additional considerations include 
the estimated introduction rate of superconducting generators and the participation of two or more 
domestic manufacturers in the development effort. Table 6.5-1 shows the assumed development 
effort based on the introduction rate of low-voltage superconducting generators and the yearly 
development funds used in the economic analyses. 



Table 6.5-1 

DEVELOPMENT COST ESTIMATES 
LOW-VOLTAGE S.C.G. 





Introduction 


Total Dev. 




Year 


Rate 


Cost 


Yearly Dev. 


1985 


1-300 MVA* 


$33 x 10 6 


Expense 


86 






12 x 10 6 


87 






12 


88 






12 


89 






12 


1990 


2-300 MVA 


66 x 10 6 


18 


91 






18 


92 






18 


93 






18 


94 






24 


1995 


2-600 MVA 


70 x 10 6 


24 


96 






18 


97 






12 


98 


2-1200 MVA 


80 x 10 6 


12 


99 






6 


2000 












$216 x 10 6 


$216 x 10 6 


Development Costs Assume: 






1. Two domestic suppliers will participate and be supported by utility 


development funds. 






2. Participating utilities will require backup conventional generators 


to ensure reliability and availability until S.C.G.'s are proven, 


or the costs reflect the expense associated with the new product 


learning curve. 









The cost of the TVA Gallatin S.C.G. (1985 shipment) has been used to gauge 
development costs estimates. 
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The development cost estimates following the introduction of the first 300 MVA superconducting 
generator may appear to be high. However, they address the concern for the industry's require- 
ment to have high reliability and availability performance. It is questionable whether any individual 
utility could afford to accept an advance design concept such as the superconducting generator 
without having a backup conventional unit to cover contingencies. The development costs also 
reflect the following considerations: 

• Two or more manufacturers will be participating and will be supported by utility development 
funds. 

• Startup manufacturing costs will be significantly higher than the mature cost estimates used in 
the economic analyses. 

• Expenses involved with the new product learning curve will occur. 

The development expenses estimated for the high-voltage superconducting generator were arrived 
at using an even a less-well-defined subjective judgment. The yearly development costs are 
displayed in Table 6.2-2. The high-voltage generator development costs were obtained by multiply- 
ing the low-voltage generator development costs by 1.5 and extending the development effort over 
a longer period to reflect the delayed introduction rates. The significantly higher development costs 
for high-voltage superconducting generators reflect the following considerations: 

• New high-voltage stator technology developments will be required. 

• Low-voltage superconducting generator development effort will have to be carried on in paral- 
lel in case a critical problem with the high-voltage generator is defined during the develop- 
ment phases. 

• New and expensive manufacturing facilities will be required to produce high-voltage genera- 
tors and to test their electrical insulation integrity. 

Although the development costs defined in this study were not arrived at by a rigorous analysis, 
they do provide a basis for a better understanding of the overall economic analysis. That is, for a 
project to be viable, it must have a great enough potential savings to recover the anticipated 
development costs. 

In this study, total industry development funds spent or committed before 1986 were not used in 
the economic analyses. Even though these expenses amount to S48 to S55 million, they play no 
part in the decision to commit further development funds. 

An examination of the estimated required yearly development costs from 1986 through 2000 for 
both the low-voltage and high-voltage superconducting generators reveals very high investments. 
These investments are much greater than the industry manufacturers can afford to make, based on 
the anticipated businesss level over those years. Thus, if the introduction rates of superconducting 
generators used in this report are to be realized, a large portion of the funding will have to be sup- 
ported by the electrical utilities through EPRI or government agencies. 
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Section 7 

FINAL DESIGN RECOMMENDATION 



7.1 FINAL RECOMMENDATION 

The conclusion of this study is that, although there are possibly a number of high-voltage supercon- 
ducting generator conceptual designs which may prove to be technically feasible, only one concep- 
tual design has the potential of being proven both technically and economically feasible. 

The high-voltage stator winding concept which was selected as having the best characteristics and 
highest potential of success is the monolith cylinder armature. The design details and studies per- 
formed on the monolith cylinder armature are described in many sections of this report. A brief 
summary of its characteristics and limitations are listed below. 

• The armature is constructed of concentric cylinders of insulation and winding conductors com- 
pletely bonded together into a single module. 

• Many hundreds of winding turns are required in the monolith cylinder armature, as well as in 
any high-voltage armature. Each conductor is insulated with only turn-voltage insulation, as 
compared to the full ground insulation that is applied to each of the several dozen conductors 
in a conventional generator. 

• The stator winding uses a fully helical coil construction which provides uniform winding pack- 
ing. It is believed that this feature will provide greater mechanical integrity than winding 
designs which have bends or discontinuities that can produce mechanical stress 
concentrations. 

• The winding uses the two-circuit delta winding arrangement, which provides a uniform volt- 
age grading circumferentially around the winding. Phase-break insulation therefore is not re- 
quired and each turn requires only sufficient insulation to withstand local turn-voltage stresses. 
This feature provides as high a material utilization as any of the other high-voltage generator 
concepts studied, or higher. 

• The uniform voltage grading provided by the two-circuit delta winding also greatly reduces lo- 
cal electrical creepage and puncture stress concentrations which most other high-voltage stator 
windings exhibit. Thus, calculated electrical creepage and puncture performance based on 
analytical studies should provide good correlation with actual performance. 

• The insulation material proposed for the insulation cylinders is transformer high-density cellu- 
lose pressboard impregnated with a dielectric fluid such as transil oil or Freon. This material 
system was selected on the judgment that no other known material combination could ration- 
ally be expected to provide successful long-term performance operating at the high electrical 
puncture and creepage stresses identified in this study. The dielectric-fluid-impregnated sys- 
tem assures that all voids resulting from assembly operations or from cracks caused by wind- 
ing forces or thermal expansion forces will be filled with dielectric fluid. Thus, incipient elec- 
trical insulation damage due to ionization in voids will be minimized. 

• Th* insulation cylinder thicknesses are designed for 50 V/mil average dielectric stress. This 
limit as applied to the inner and outer insulation cylinders results from finite element anlayses 
which show that surface electrical creepage stresses in the armature end region are very sensi- 
tive to the insulation cylinder thicknesses. Since the center insulation cylinder, located be- 
tween the inner and outer conductor layers, is not subjected to this end region electrical 
creepage stress, it could be speculated that a higher dielectric stress might be used for this 
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cylinder. However, until test data are obtained to show that very thick impregnated press- 
board material wiil operate at higher dielectric stresses, ii was considered prudent to size this 
cylinder at 50 V/mil. 

• Cooling of the armature winding, core, and insulation cylinders is performed by a once- 
through dielectric fluid flow system. Cooling passages are formed into the core and insulation 
cylinders as they are assembled. The armature winding uses stainless steel tubes interspersed 
between the conductors to provide the cooling passages. 

• The maximum practical voltage rating appears to be 500 kV. Higher voltages (750 kV and 
up) will require very thick insulation cylinders and special design features to hold the electri- 
cal creepage stresses to a level that can be controlled with present-day technology. Shipping 
problems and poor space utilization will render these ultra-high-voltage generator designs 
uneconomical. 

• A methods analysis of the manufacturing operations required to assemble the monolith 
cylinder armature indicates that the operations can be performed. However, the operations 
axe significantly different from present operations used on conventional generators and antici- 
pated to be used cn low-voltage superconducting generators. Completely new manufacturing 
facilities and processes will be required to introduce the monolith cylinder armature. 

• Electrical faults occurring within the body of the winding, whether they are the result of turn- 
to-turn shorts, major ground insulation shorts, or phase-to-phase shorts, will force the com- 
plete winding to be scrapped. Due to the bonded module construction, it is not considered 
practical to attempt to repair an internal electrical fault. 

7.2 JUSTIFICATION FOR SELECTION OF THE MONOLITH CYLINDER DESIGN 

During the conceptual design phase of the program, a number of different design concepts were 
studied in sufficient detail to assess which designs had the best chance of being proven technically 
and economically feasible. The basic design concepts that were studied included the following: 

• Monolith Cylinder Armature 

• Spiral Pancake Armature 

• Salient Pole Armatures 

— Three-pole (magnetic poles) 

— Six-pole (magnetic and nonmagnetic poles) 

• Integral-Insulated Phase-Belt Armature - Taped System 

• Integral-Insulated Phase-Belt Armature - Coaxial System 

• Toroidal Winding Armature 

Preliminary design evaluations eliminated the salient pole designs and the toroidal winding design 
for a number of technical and economical reasons. For example, the salient pole armature with 
three magnetic poles would produce unbalanced forces on the rotor of a magnitude that could never 
be tolerated. The salient pole armatures with either six magnetic or nonmagnetic poles and the 
toroidal winding armature were identified as having very poor space utilization, high electrical 
losses, and high reactances. Rough first-cost estimates of these designs indicated that they could 
not compete economically f conventional generators and, especially, low-voltage superconduct- 
ing generators. Thus, these designs were dropped from further technical evaluations. 

The major challenge of the early part of the Phase II effort was to perform the necessary evalua- 
tions to establish which of the following design concepts had the best chance of being proven tech- 
nically and economically feasible: 

• Monolith Cylinder Armature 

• Spiral Pancake Armature 



• Integral-Insuiated Phase-Belt Armature - Taped System 

• Integral-Insulated Phase-Belt Armature - Coaxial System 

The integral-insulated phase-belt armature concepts (with either taped or coaxial systems) were 
generated during the contract period. These concepts were proposed for study because they ap- 
peared to drastically reduce the electrical creepage stress problems that had been previously 
identified in the monolith cylinder and spiral pancake designs. Drawings and models were made of 
each design concept to assess whether the manufacturing processes were practical and whether the 
final component structures would match the requirements of the high-voltage generator. From 
these studies, it was concluded that the manufacturing problems and the difficulties anticipated with 
producing the end-winding coil connections rendered these designs to be only marginally practical. 
Thus, these designs were eliminated from further consideration. 

Based on the design elimination process described above, the final design recommendation selection 
was made between the monolith cylinder armature and the spiral pancake armature. Although the 
spiral pancake armature was judged to be the easiest to manufacture due to its continuous-winding 
construction, a number of problems which drastically lowered its probability of meeting the ultimate 
technical and economical high-voltage generator requirements were identified. The major concerns 
are listed below. 

• Insulation volume requirements are significantly greater than for the monolith cylinder arma- 
ture, producing units of considerably larger dimensions. 

• The use of separate phase-belt assemblies with their dielectrically sharp edges produces very 
high electrical puncture and creepage stresses locally in the major insulation sections. 
Although special electrical creepage barrier designs which would reduce the electrical creepage 
stresses were identified, these designs would be difficult to implement and control. The local 
electrical puncture stresses on the spiral pancake design would always be significantly greater 
than on the monolith cylinder design. 

• The use of curved, spiral phase-belt coils and insulation sections which are mechanically 
discontinuous raises questions as to whether the completed full winding assembly could satis- 
factorily support the coils against vibration during running and short circuit conditions. 

• No satisfactory design concept was developed to provide liquid cooling of the stator windings. 
The use of continuous turns and the large number of turns required negates the possibility of 
using phase-end connections as inlet-outlet cooling connections. The outermost turns of the 
spiral pancake coils block the introduction of cooling fluid to the inner turns. Consequently, 
liquid coolant must be introduced through insulation or mechanical support material. All of 
the liquid cooling passage designs reviewed during the studies indicated that significant reduc- 
tion in mechanical integrity might be expected. 

After reviewing of all the advantages and disadvantages of the monolith cylinder armature and the 
spiral pancake armature, it was concluded that the monolith cylinder armature has the best charac- 
teristics and the highest potential of being proven successful, following an extensive development 
program. 
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Section 8 



RECOMMENDATION FOR FOLLOW-ON EFFORT 



8.1 INSULATION TESTING PROGRAM 

It is expected that a satisfactory design for the high-voltage armature can be achieved by using cel- 
lulose pressboard and transil oil as the principal insulation system. A considerable background of 
high-voltage transformer technology is therefore applicable for design purposes. However, the im- 
portant residual differences between the insulation systems of transformers and high-voltage arma- 
tures must be taken into consideration. 

In high-voltage power transformers, the dielectric barriers surrounding the high-voitage coils are 
formed from concentric pressboard cylinders that encompass annular regions of transil oil. The 
purpose of the pressboard cylinders is to partition the oil regions into annuli that are thin enough to 
be dielectrically manageable. Pressboard is also used to form the walls of annular cooling ducts. In 
either application, the total oil thickness is usually greater than the total pressboard thickness, and 
the electric stress in the pressboard is about 60% less than that in the oil, due to the difference in 
dielectric constants. 

In the monolith cylinder high-voltage armature, pressboard is laminated to form the thick insulation 
cylinders, and the oil annuli found in the transformer insulation system are eliminated. The press- 
board must be stressed to at least 50 V/mil to obtain reasonably compact machine dimensions; this 
stress is perhaps two times higher than that encountered in normal transformer practice, although it 
is a reasonable stress for many oil-impregnated paper-tape applications. Also, the pressboard insu- 
lation cylinders are required to be from 4 to 8 in. thick each, and practically no experience exists 
for the application of such thick pressboard insulators at the required dielectric stresses. 

Therefore, although the development of high-voltage armatures can be accomplished with reason- 
able confidence provided by using existing transformer technology, it would be desirable to accom- 
pany such development with a limited backup testing program. A testing program might be divided 
into two phases: 

• Uniform field tests on thick pressboard sections at 60 Hz and impulse voltages 

• Mockup winding tests 

Tests to obtain electrical creepage data would not be necessary if it is assumed that transformer 
technology is directly transferable for electrical creepage. 

A more extensive testing program would be necessary if an alternative fluid impregnant such as 
Freon* were proposed. Electrical creepage tests would here be necessary. 

8.1.1 Dielectric Tests for Pressboard and Transil Oil 

Uniform field tests can be performed by placing sheets of pressboard between large (12 in.- 
diameter) contoured disk electrodes. Data can be obtained by running tests at a series of 
thicknesses and plotting the dielectric properties of interest as a function of thickness. The dielec- 
tric properties which could be determined are: 

60 Hz: Corona inception stress 

Breakdown stress 

Loss tangent 
Impulse: Breakdown stress (both lightning 

and switching surges may be necessary) 



' E.I. DuPont De Nemours & Co., Inc. 
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It would be desirabie to test thicknesses over a range from 1/4 in. to 2 in. Tests of 3 to 6 samples 
at each point would be desirable to obtain adequate statistics. The 60 Hz breakdown strength of a 

2 in. -thick sample might be as high as 500-1000 kV, so large test equipment is implied. To make 
the testing program cost-effective, it may be desirable to trade off the maximum voltage capability 
against the cost of operation of available test equipment. Whatever data are acquired can be extra- 
polated to thicknesses greater than those tested. 

8.1.2 Dielectric Tests for Pressboard and Freon 

Freon may be a more desirable dielectric fluid than transformer oil because of its better cooling 
properties and its nonflammability. Freon 113 is finding increasing application in vaporization- 
cooled transformers as a combination dielectric fluid and coolant. In the transformer application, 
the transformer heating boils the Freon fluid, and the Freon vapors are cooled, condensed, and re- 
turned to the transformer tank. The boiling point of Freon 113 is only 46 °C, so the Freon is pres- 
surized at about 2 atmospheres to raise the boiling point. In an application to a high-voltage arma- 
ture, vapor generation is not desired because the generated vapor bubbles must surely lower the 
dielectric performance of the fluid. Therefore, further pressurization would be required to raise the 
boiling point above the armature hot-spot temperature. If the armature hot-spot temperature is 
limited to 90 °C, a desirable Freon 113 boiling point might be 100 °C, and a pressurization of about 

3 atmospheres would be required. If pressurization is deemed to be unattractive, other Freon for- 
mulations having boiling points above 100 °C are available, although they are considerably more 
expensive. 

The uniform field tests described in Section 8.1.1 could be repeated for the selected Freon fluid, us- 
ing identical electrodes and test voltages, and operating at a suitable combination of pressure and 
temperature that would simulate the generator environment. If the results of the uniform field 
tests are favorable, preliminary electrical creepage data in pressurized Freon should be obtained to 
establish its creepage capability compared to transil oil. For preliminary comparison, a standard 
creepage fixture consisting of two circular electrodes placed on a sheet of pressboard could be used. 
Creepage strength as a function of electrode spacing would be measured in the pressurized Freon, 
and the results would be compared to identical measurements made with transil oil. 

8.1.3 Winding Mockup Tests 

Additional dielectric data can be obtained by testing mockups of the monolith cylinder armature. 
Armature components, or mockups of components, could be constructed for testing to the limits of 
failure. Such tests would provide dielectric breakdown information for the dielectric configurations 
of the actual armature. Construction of the mockups would also provide experience in component 
fabrication and armature assembly. The types of tests which could be proposed follow. 

1. Phase-Belt Creepage 

A short section of one phase-belt could be placed between two sheets of pressboard. The 
pressboard sheets would be flat simulations of the insulation cylinders that encompass a con- 
ductor layer. The 60 Hz turn-to-turn voltage gradient could be established by an external ca- 
pacitor ladder network and the voltage would be incrementally raised until creepage failure oc- 
curs. Similar tests could be made with impulse voltages. 

2. End-Winding Creepage 

A mockup of the monolith cylinder end region could be constructed for the purp-_ of estab- 
lishing the strength of the electrical creepage paths running from the series loops along the 
surfaces of the insulation cylinders. The same mockup could also be used to test the type of 
creepage barriers described in Section 2.5.1. Similar tests could be made with impulse volt- 
ages. 

3. Insulation Cylinder Breakdown 

By arranging two winding mockups at an angle across opposite sides of a flat sheet of press- 
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board laminations, the line-to-line voltage across the center insulation cylinder can be simulat- 
ed. Both 60 Hz and impulse breakdown tests could be made with this configuration. 
The creepage tests are more significant than the insulation cylinder breakdown test because the 
dielectric strength of the pressboard should be reasonably well established from the uniform field 
tests proposed in Section 8.1.1. 

8.2 MODEL STATOR FOR THE GENERAL ELECTRIC MODEL SUPERCONDUCTING 
ROTOR 

After a reasonable insulation testing program has been completed, a logical continuation of this 
effort would be to construct a small prototype model of a high-voltage armature. The General Elec- 
tric Company possesses a model superconducting rotor which is being tested in a 20 MVA low- 
voltage generator design. The long-range plans for this rotor are unclear, and it is possible that it 
may eventually become available for use in a high-voltage stator demonstration model. The high- 
voltage stator model would be designed to operate at 69 or 138 kV with a volt-ampere rating of 
14 MVA. The reduced volt-ampere rating reflects the poorer stator flux linkage resulting from the 
greater insulation volume in a high-voltage armature. Figure 8.2-1 illustrates a comparison between 
low- and high-voltage model stators for the General Electric model superconducting rotor. 
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Appendix B 

OPTIMAL COIL SHAPE FOR MONOLITH CYLINDER WINDINGS 



To design a monolith cylinder air-gap winding, it may become necessary to design the overall wind- 
ing length to a shorter value than in conventional turbine-generator design practice, in order to 
minimize the bearing span length of the superconducting rotor. Since the coils of a monolith 
cylinder air-gap winding are not confined to lie in slots, there is no reason that the coils must con- 
form to the conventional turbine-generator configuration of having straight sections over the length 
of the core with end arms hanging outside of the core. It will be shown that improved coil 
configurations are achieved by bringing the end arms inside the rotor flux producing length, allow- 
ing smaller overall winding lengths. 

The terminology is illustrated in Figure B-1. Within the active length, L 3J the rotor magnetic flux 
is axially uniform. Outside the flux is zero. The end arm length, L ff , is the axial length from the 
straight section bend to the end of the coil, and the overhang length, Z, 0 , is the axial length of coil 
hanging outside of the active flux region. 

The open-circuit induced voltage of a fully pitched coil is 



where r is the winding radius and B is the radial flux density at that radius. For windings having 
inner and outer conductor layers lying at different radii, r is the average radius. The terminal volt- 
age is proportional to the number of turns in a phase belt times the coil voltage: 



The number of turns in a phase belt is proportional to the peripheral breadth of a phase belt, A, 
divided by the conductor pitch, p: 



V c = V2 r B {L s — 2L e + 2 L Q ) + 
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Figure B-1. Coil Shape Terminology 
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The conductor width, vv, is reiated to the conductor pitch, p. by the end arm geometry. Figure B-2 
illustrates an end arm geometry where the conductors are tightly packed in the end regions, and it 
is seen that spaces appear between the conductors in the straight section. The conductor pitch is 
related to the conductor width and the helix angle, 7, by 



cosy 



(B4) 



(B5) 



The term cosy is called the packing factor because it is a measure of how many conductors can be 
packed within a phase-belt periphery. The packing factor is related to the end arm geometry by 

C ° Sy " V 4L.'+rV 
The terminal voltage now becomes a product of the coil voltage and the packing factor: 

V. a — V c cosy (B6) 

The machine rating is the product of the terminal voltage and the terminal current, 

MVA a V S I ' (B7) 

and the terminal current is a function of the conductor current density, J, conductor width, w t and 
conductor height, h. by 

/ - Jwh (B8) 

Substitution of Equations B6 and B8 into Equation B7 yields an expression for the machine rating: 
MVA a V c cos y 

i _ r \\ i t \ 

(B9) 
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The variation of the rating with L e and L 0 is illustrated in Figure B-3, with L e forming the abscissa 
and L Q forming the family of curves. The conductor current density and dimensions are assumed 
constant, and numerical values of r = 25 in. and L 3 — 100 in. are used. The effect of increasing 
the end arm length is to decrease the coil voltage while increasing the packing factor. Since the rat- 
ing is the product of these two counteracting effects, it might be expected that there is an optimal 
end arm length to produce a maximum rating, and from the curves it is seen that optimal end arm 
lengths produce coil shapes that have rather short straight sections. At maximum L f , a coil shape 
with no straight section is achieved, and it is equivalent to a fully helical coil. The value of rating 
at maximum L e is only slightly below that of the optimal L e , suggesting that if it is constructionally 
advantageous to build a fully helical winding, it can be accomplished with little sacrifice. However, 
the rating is high over a fairly wide range of L ey and it may be preferred to build coils having longer 
than optimal straight sections. The effect of increasing the overhang length, L 0 , is to increase the 
rating, because the coil voltage is increased. However, to demonstrate the claim that shorter wind- 




Figure B-3. Variation of Rating with End Arm Length and Overhang Length for Fully Pitched Coils 
with Constant Bar Dimensions and Constant Current Density; r = 25 in., L $ = 100 in. 
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ing lengths can be achieved by bringing the end arms inside the rotor flux region, the curves show 
that a winding with a 10 in. overhang and a 49 in. end arm length is superior to a winding having a 
30 in. overhang and a 30 in. end arm length (a geometry conforming to conventional turbine- 
generator design). 

The effects of variations in the end winding geometry can also be demonstrated with respect to 
winding space utilization. The cross-sectional area of the conductor layers, A c ^ is proportional to 
the product of the peripheral breadth of the phase belts, A, and the conductor height, /n 



The proportionality of the conductor layer area, keeping the rating and conductor current density 
constant, is just the inverse of the proportionality of Equation B9. That is to say, for a constant rat- 
ing, optimal coil shapes produce minimal conductor layer areas and, therefore, the most compact 
winding structures with respect to cross-sectional area. 



A c a Ah 

By rearranging Equation B9 and substituting into Equation BIO, it is seen that 
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Appendix C 

120° PHASE-BELT WINDINGS AND ROTOR VIBRATORY FORCES 



Section 2.1 describes two voltage-gradient-controlled windings that utilize i20° phase-belts (the 
120° phase-belt delta and the 120° phase-belt graded wye). The greatest advantage of a 120° phase- 
belt is that the electrical creepage across the breadth of the phase-belt is greatly reduced because of 
the 120° phase-belt's greater peripheral span. Also, the 120° phase-belt windings are both single- 
circuit windings and require only about half as many individual conductors as the 60° phase-belt 
two-circuit windings. Figure C-l illustrates the phase-belt placement of a 120° phase-belt winding. 
To its detriment, a 120° phase-belt winding produces 120 Hz vibratory forces on the rotor, caused 
by even harmonic armature reaction flux distributions. To understand how even harmonic flux dis- 
tributions are produced, it is necessary to consider the magnetic effects of each layer of the winding 
separately. The current distribution of the inner layer, described to the fifth harmonic is 



Core Inner Surface 




Figure C-l. Cross-Section of a 12U° Phase-Belt Winding 
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Substitution of Equations C7 and C9 into Equation C8 gives 
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The pressure expression is grouped into dc, fundamental, and ^^^^^^^ 
the peripheral angle 9. The dc component produces a compress*- Hoop stress on The 
harmonic components want to deform the shield into various ^^J^J^^ Aefund.- 
should be no problem for a shield designed to withstand short circuit forces. ^™^ e ,£ 
mental components produce an offsetting force, a force wanting to . pound the rotor agamst .n 
ings. Figure C-3 illustrates the fundamental component pressure distributions that produce 
opening forces. The offsetting forces can cause potentially damaging vibra .or '^at would be 
transmitted to the stator and foundation, so it is necessary to investigate further. The ottsetung 
pressure distribution is 
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change into x—y coordinates is accomplished by the transformation 
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which yields 
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The total force on the rotor is the integral of the pressure over the area of the shield surface: 

L 2n 

foj J 'Pr s d9dz , (C14) 

o o 

where L is the active length and r s is the shield surface radius. The force is therefore 
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Recalling that 
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It is seen that the force rotates at twice frequency in a direction that is opposite to the rotation of 
the fundamental armature flux. The force is composed of two interactions: between the fundamen- 
tal and second harmonic, and between the fourth and fifth harmonics. 

Expressions for the magnetic flux magnitudes at the outer surface of the shield are contained in 
Table C-l, separated into contributions from the inner conductor layer and the outer conductor 
layer. These expressions were obtained from solutions of Laplace's equation in the air region be- 
tween the perfectly magnetic core and the perfectly conducting rotor shield, with the armature con- 
ductor layers modeled as thin sheets. 

The rotor forces will be calculated for a sample machine rated at 1200 MVA, 500 kV. The per- 
tinent dimensions of this machine are listed in Table C-2. Numerical values of the magnetic flux 
magnitudes are listed in Table C-3, and calculations of the force magnitudes are listed in Table C-4. 
It is seen that the fundamental and second harmonic interaction contributes the largest component 
to the force magnitude. 

The magnitude of the rotor forces could be reduced considerably if the second harmonic flux could 
be eliminated. Examination of Table C-3 shows that the magnitude of the second harmonic flux 
produced by the inner conductor layer is larger than that of the outer layer. It would be desirable 
to be able to raise the second harmonic flux of the outer layer to exactly cancel that of the inner 
layer. This can, in fact, be accomplished by inserting spacers between the phase-belts of the outer 
layer, as illustrated in Figure C-4. New expressions for the flux magnitudes can be written in terms 
of the outer layer phase-belt span, a, and are contained in Table C-5. 
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Table C-l 



MAGNETIC FLUX MAGNITUDES 
(teslas) 



Flux 
Harmonic 



Contribution 
from Inner Laver 



Contribution 
from Outer Layer 
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J — conductor layer current density, rms ? A , (same for both layers) 

m 

r s = rotor shield surface radius, m 
r, = average radius of inner conductor layer, m 
r 0 = average radius of outer conductor layer, m 
r c — core inner radius, m 



thickness of inner and outer conductor layers, m 



Note: It is required that /-,/, — r 0 f 0 , so that the total current in the inner 
layer will equal the total current in the outer layer. 



Table C-2 

DIMENSIONS OF A 1200 MVA - 500 kV 
HIGH-VOLTAGE GENERATOR 



J 




2121 A/in. J = 3.288 x 10* A/m J 


r, 




22.25 in. = 0.5652 m 


ri 




27.60 in. = 0.7010 m 


r 0 




35.08 in. - 0.8910 m 






38.72 in. - 0.9835 m 






1.93 in. = 0.0490 m 


to 




1.52 in. - 0.0386 m 


L 




137.0 in. - 3.4798 m 
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Table C-3 



NUMERICAL VALUES OF MAGNETIC FLUX MAGNITUDES 



(teslas) 

Flux Contribution Contribution 

Harmonic from Inner Layer from Outer Layer Total 

5 1 0.179 0.170 0.349 
B 7e 0.1082 -0.0892 0.0190 
B«> -0.0327 0.0171 -0.0156 
-0.0206 -0.0083 -0.0289 



Table C-4 
FORCE MAGNITUDES 



Interaction of first and second harmonics 


32,600 newtons =• 


7,330 lbs 


Interaction of fourth and fifth harmonics 


1,109 newtons = 


249 lbs 


Total 


33,709 newtons = 


7,579 lbs 



The second harmonic flux can be eliminated by adjusting the outer layer phase-belt span, a, so that 
the second harmonic flux of the outer layer exactly cancels that of the inner layer. From 
Table C-5, the mathematical requirement for this condition is 

3Vi Jiti il±^ a ^m^ Joto il±jl (cl7) 



2V2 

Substituting 



/ c - /, and / 0 - /, (C18) 



3 

(the requirements detailed in the note to Table C-5), and rearranging terms, Equation CI 7 
transforms to 

sin a 9V3 r} r? + r c 4 



a 2 8tt 2 r f 2 r 0 4 + r c 4 



(C19) 



A value of a is easily determined by trial and error, and for the present numerical example, 

a = 112.47 degrees 

The spacers inserted between the phase-belts of the outer layer subtend 7.53°, which certainly re- 
quires no great sacrifice in terms 01 he winding's space utilization. Electrically, the spacers would 
be the most lightly stressed insulation in the winding structure. 

Numerical values of the magnetic flux magnitudes for the modified winding are listed in Table C-6, 
along with force magnitudes in Table C-7. It is seen that the modification has increased the flux 
magnitudes of the fourth and fifth harmonics, and consequently the fourth— fifth force component. 
However, the total force is much lower. This force amounts to an unbalance of .004 kg, or 
0.009 lbs, at the surface of shield, as determined from the relationship 

F=ma> 2 r <C20) 
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Figure C-4. Modified 120° Phase-Belt Winding 



using a> = 2 x 377 rad/s. This unbalance should be of little consequence to the steady state run- 
ning of a rotor weighing 60,000 lbs, unless a resonance in the rotor structure is hit. 

The analysis that has been described applies only to the straight-section portions of a diamond coil 
winding. Second harmonic mmf distributions start to reappear in the end windings; to minimize 
forces it would be preferable to construct the end arms outside of the core region, where the ab- 
sence of core in the magnetic circuit would reduce the magnitude of second harmonic fluxes. How 
ever, it is shown in Appendix B that optimal coil shapes are made by bringing the end arms inside 
of the core region. This could still be utilized to some extent, if it could be proven that the forces 
do not become excessive. A fully helical winding would be the most difficult to utilize, being 
equivalent to a winding that is nothing but end windings. 
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Table C-5 



MAGNETIC FLUX MAGNITUDES FOR THE MODIFIED WINDING 

(teslas) 



Flux 
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Note: It is required that r,/, — r 0 t 0 and J 0 =* 7, 2it/3 l/a so that the total current in the inner layer 
will equal the total current in the outer layer. 



Table C-6 

NUMERICAL VALUES OF MAGNETIC FLUX MAGNITUDES 
FOR THE MODIFIED WINDING 
(teslas) 



Flux . 
Harmonic 


Contribution 
from Inner Layer 


Contribution 
from Outer Layer 


Total 


B x 


0.179 


0.171 


0.350 


B79 


0.1082 


-0.1082 


0 


B49 


-0.0327 


0.0159 


-0.0168 


B$e 


-0.0206 


-0.0106 


-0.0312 



Table C-7 

FORCE MAGNITUDES FOR THE MODIFIED WINDING 



Interaction of first and second harmonics 


0 




Interaction of fourth and fifth harmonics 


1,289 newtons - 


290 lbs 


Total 


1,289 newtons — 


290 lbs 
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Appendix D 

LUMPED PARAMETER CIRCUIT MODEL OF A HEAT GENERATING SOLID 



The integration of a heat generating solid with significant thermal resistivity into a thermal resis- 
tance circuit poses a difficulty, because the solution of the heat generating solid is essentially a field 
problem and not a circuit problem. However, if the heat flow is one-dimensional and if one is only 
interested in knowing the temperature at the center of the heat generating solid, the problem can 
be easily modeled as a lumped parameter circuit. 

Consider a heat generating solid extending a great distance in the vertical and axial directions and 
having a horizontal thickness, /, as illustrated in Figure D-1. Poisson's equation for heat transfer in 
the horizontal direction is 

SlZ^^l (Dl) 
8x 2 k 

where k — thermal conductivity 

Q'" =* heat generation per unit volume 

x — horizontal coordinate 

T — temperature 

The solution of Poisson's equation is 

r- ^Jp* 2 + C x x + C 2 , (D2) 

where C u C 2 = constants of integration 

If the temperatures at both edges are identical and equal to T Qy then the temperature at the mid- 
line, x — t/ 2, is 



2k 

and the edge-to-center temperature rise is 



I 2 

/ 



(D3) 

2 



Now consider the lumped parameter circuit model, also illustrated in Figure D-1. There are two 
thermal resistances representing the two halves of the heat generating solid. The resistances con- 
nect three nodes that represent the temperatures at the edges and center of the solid. The heat 
input of the center node represents the heat generation of the entire solid. 



The thermal resistances are 

R 

where A = area transverse to heat flow 
and the nodal heat input is 



iLL (D5) 
kA ' 



q - Q'"tA 



D-1 



(D6) 



If the temperatures at both edge nodes are equal, then the heat input divides into exactly two when 
flowing through the resistances. The edge-to-center temperature rise is therefore 



A T 



2 



R 



SX1 
k 



(D7) 



The temperature rise calculated by the circuit method is exactly twice that calculated by the field 
method Therefore, the circuit model can be employed to gain exact results if the numerical values 
ot the thermal resistances are cut in half when entered into the model. 



. k - thermal conductivity 

J Q'" - volumetric heat 

'/ .* . generation 
*"**■* . . » * ■ <> 



T = To 



x = 0 



x= t 



q - heat input 



T o T 



Field Mode! Circuit Model 

Figure D-l. Field and Circuit Models of a Heat Generating Solid 



Appendix £ 

SOLUTION OF THE MONOLITH CYLINDER ARMATURE WINDING 
THERMAL CIRCUIT MODEL 



The solution of the monolith cylinder armature winding thermal circuit is described for an example 
containing three conductors and four cooling tubes, although the method is easily extended for systems 
containing any number of conductors. The only constraints are: one, there must be one more cooling 
tube than conductor; and two, the conductors and cooling tubes are alternatively stacked in a column 
with the cooling tubes top and bottommost in the stack. The thermal circuit is illustrated in Figure E-1. 
The inputs to the circuit are the resistor values, the cylinder insulation temperatures, marked "TINS", 
and the coolant stream temperatures, marked "TCP( The circuit is solved for the cooling tube 
temperatures and conductor midline temperatures, marked t4 T( )*\ Even arguments of T( ) indicate a 
cooling tube temperature and odd arguments of T( ) indicate a conductor midline temperature. 

Circuit equations can be written and reduced to a set of simultaneous equations, represented here in a 
matrix formulation: 



RS 



RpRTW 
RTWRHD 



1 



RCRTW 



t 



RCRTW 



RCRTW 



RCRTW 



RCRTW 



RS 



RCRTW 



1 



RCRTW 



I 



RCRTW 



RCRTW 



I 



RCRTW 



RCRTW 



1 

RS 



RCRTW 



I 



RCRTW 



1 



RCRTW 



RCRTW 



1 



RCRTW 



1 



RCRTW 



RS 



RCRTW 
1 

RTWRHD 



T<1) 



T(2) 



TO) 



T<4> 



T<5> 



T(6) 



QT+ 



TCP(l) 

RS 
TINS 

RTWRHD 



OC 



QT + 



TCP(2) 
RS 



OC 



QT + 



TCP(3) 
RS 



OC 



QT + 

+ 



TCP(4) 
RTWRHD 



The notation of the matrix equation conforms to that of the figure, except that the notations 
"RCRTW" and "RTWRHD" indicate the summations of RC plus RTW and RTW plus RHD, respec- 
tively. The matrix formulation is easily extended to a system of any number of conductors because of 
the repetitive nature of the rows in the matrix. The top and bottommost rows are the same for a sys- 
tem of any number of conductors. The even-numbered rows are all similar in nature, involving identi- 
cal matrix elements centered around the matrix diagonal, the conductor temperature in the vector of 
unknowns, and the conductor heat inputs in the right-hand side vector. The odd-numbered rows, ex- 
cluding the first and last rows, are also similar in form. The matrix is extended to a system of any 
number of conductors by merely provided enough of the similarly constructed rows. 

The matrix formula is solved by substituting numerical values for the entries and applying a computer 
subroutine that solves large systems of simultaneous equations. 



E-1 



TINS 



TO) 



RS 

•W^—^o TCPd) 



QC 



>T(2) 



T(3) 



RS 

-V/S* o TCP(2) 



OT 



T(S) 



RS 

o TCP(3) 



LEGEND 



QC- 



T(6) 



T(7> 



RS 

-AAA* O TCP(4) 



rtw : 



RHD 



RHD - RESISTANCE OF HORIZONTAL DIVIDER 

RTW - RESISTANCE OF COOLI NG TUBE INSULATION WRAP 

RC - RESISTANCE OF CONDUCTOR HALF 

RS - EQUIVALENT RESISTANCE OF CONVECTION SURFACE RISE 
QC - CONDUCTOR HEAT INPUT 
OT - COOLING TUBE HEAT INPUT 

T( )- TEMPERATURE OF COOLING TUBE, ODD ARGUMENT 

- TEMPERATURE OF CONDUCTOR CENTER* EVEN ARGUMENT 
TCPC )- COOLANT TEMPERATURE 
TINS - TEMPERATURE OF CYLINDER INSULATION <45* C) 



TINS 



Figure E-l v Thermal Circuit Diagram 



Appendix F 

INDUCTIVE ELEMENT DETERMINATION BY HELICAL FIELD THEORY 



The calculation of mutual inductance between two helical coils lying at different radial and peri- 
pheral locations will be described. The helical winding is assumed to have two parallel circuits for 
each phase. The two circuits axe labeled "A" and "B'\ and the coils within each circuit axe 
sequentially numbered, as illustrated in Figure F-1. Figure F-2 illustrates a developed view of four 
helical coils labeled "lA", t4 2A'\ "IB", and i4 2B'\ according to the convention of Figure F-1. 
The solid lines refer to coil sides lying on the inner conductor layer, and the dotted lines refer to 
coil sides lying on the outer conductor layer. Coils 1 and 2 of each circuit lie at different peripheral 
and radial locations. Referring to the radii terminology of Figure F-3, the coil sides of coil 1A lie 
on radii R u and i* lo and the coil sides of coil 2A lie on radii R 2{ and R 2o - Coil 2 is peripherally 
shifted from coil 1 by the angle 6. The aforementioned applies to the coils IB and 2B, which are 
shifted from coils 1A and 2 A by 180°. The surface maxked by radius R, corresponds to the rotor 
shield and is considered to be diamagnetic since surges will not penetrate the rotor shield. The sur- 
face maxked by radii R c corresponds to the core and is considered to be perfectly magnetic. 

To find the coil mutual inductance, it is appropriate to assume a current in one coil (say 1A) and 
then to calculate the flux linked by another coil (say 2A). The currents in coils 1A and IB are the 
same, so coils 2A and 2B will link the same amount of flux. Note that, as far as the currents axe 
concerned, it makes no difference to assume that coil halves solid 1A and solid IB make up a coil 
and that dotted 1A and dotted IB make up another. Similarly, the amount of flux linked by the 
two fictitious coils solid 2A - solid 2B and dotted 2A - dotted 2B is the same as the amount of 
flux linked by the actual coils solid 2A — dotted 2A and solid 2B - dotted 2B. What this means is 
that it is possible to compute inductances by assuming coils which are simple opposed helices with 
full pitch. There is no mutual inductance between the solid line coils and the dotted line coils be- 
cause of the opposite helix directions. 

Since the inner layer and outer layer helices are independent, it is possible to consider each sepa- 
rately and then combine the results. Consider, then, a situation in which equal current / appears in 
the solid-line (inner layer) coil halves 1A and IB. The axial current may be expressed by a Fourier 
series: 



Note that the form of Equation Fl is dictated by the spiral symmetry of the problem. Because the 
current is carried by single wires, the Fourier components in Equation Fl are given by 



Total axial surface current may then be written as 



(Fl) 



cos n (0 




(F3) 
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3A 



4A 




1B 



2& 



3B 



4B 




Figure F-1. Coil Labeling of a Two-Circuit Winding 
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Figure F-2. Developed View of Helical Coils 



Next, it is necessary to compute magnetic field produced by the currents expressed in Equation F3. 
Since this field analysis is well known, only an outline will be given here. The magnetic field may 
be found as the gradient of a scalar potential which, in turn, must obey Laplace's equation: 



V 2 <D = 0 



(F4) 



(F5) 



The magnetic field and scalar potential have a form roughly the same as the current distribution. 
For each space harmonic component of order n 



<P(rJ,z) - 0(r)sin n(9 - ~) 



(F6) 



Equation F5 may be reduced to a form of Bessel's equation which is solved by 

<f>(r) = A /„( -2*£ ) + B K„ ( ^ ) (F7) 

where A and B are arbitrary constants and /„ and K„ are the hyperbolic or modified Bessel func- 
tions. 
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Figure F-3. Radii Terminology of the Helical Armature 

Now, assuming that the current filaments are at radius the following magnetic boundary condi- 
tions apply: 



• at r - R„ H r » 0 

•at r - R u ftUj,,.-^^^ 

• at R - //*U* t+ - 

• at r » * ( ., 

Equation F7 must be solved twice for the two regions: 

1) R s < r < R } 



(F8) 
(F9) 
(F10) 
(FID 



2) R } < r < R v 



F-3 



There are two sets of constants, A and B, corresponding to regions I and 2. Combining the bound- 
ary conditions presented in Equations F8 through Fll with Equation F7 and F4, the following ex- 
pression of the constants is obtained: 
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(F12) . 



It is straightforward but tedious to solve Equation F12 using Cramer's rule. The next step is to re- 
constitute the magnetic field by using Equation F9 and Equation F4. Once this is done, the mag- 
netic field is found. For radius less than R u the result is 
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(F13) 

Note that Equation F13 expresses one space harmonic component of the magnetic field produced 
by the inner layer spiral pseudocoiL The complete problem will involve a second set of field com- 
ponents for the coils of the outer layer. Flux linked by a full-pitched spiral coil at radius R 2 < R\ 
will be given by 



H rn {R 2 ) cos n<t> , 



(F14) 



where <f> is the relative angle between the two coils. This is actually twice the contribution to coil 
inductance, since each physical coil has both inner layer and outer layer portions. Thus the contri- 
bution to inductance is 



_ 27r P i 0 R l R 2 [i] [2] 
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(F15) 
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(F18) 



The complete contribuiion v . ... . ' : Harmonic p. includes Equation F \ 5 evaluated for both 
inner and outer layers. Of c -e. -.:;g the complete inductance for a pair of coiis, it is neces- 

sary to sum a number of space -arr.v .~ . Ji. 



Appendix G 

MATHEMATICAL ANALYSIS OF THE VERTICAL DIVIDER FABRICATION 



The top and bottom edges of the vertical dividers in a helical armature describe concentric helices. 
These concentric helices can be formed by twisting a pair of concentric arcs, as is demonstrated in 
Figure 2.9-3, The mathematical foundation for this geometrical relationship is here described. 
Figure G-1 illustrates the geometry relevant to this analysis. The inner helix lies at radius r x and 
progresses 180° peripherally over the axial length L s . The same is true for the outer heiix, which 
lies at radius r 2 - The helix lengths are 

(Gl) 



L t — V L 2 + 7T 2 r\ 



L 2 - -jL* + *ir l rl 
Now consider a pair of concentric arcs at radii r a \ and r a 2» where 

r a 2 ~~ r a\ ~ ri — r\ 

a condition required to maintain the divider height. The length of the inner arc is 

Lai = 0 r al 

and the length of the outer arc is 

La7 « 9 r a2 = 9 (r a \ + r 2 - r\) 
The ratios of the lengths are set equal: 

Li L a2 

This condition yields the inner arc radius 



r a \ 



VZT+^VF --jL s 2 +*rr 2 r 2 



The outer arc radius is then 



and the peripheral span of the arcs is 



9 - 




Lax 
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Figure G-1. Concentric Helices Formed from Concentric Arcs 
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iEQUATIONS . 

it\ : mod:: 



Hi VJ 



.METERS FOR THE MATHEMATICAL 
'. [GH-VOLTAGE GENERATOR 
ERCONDUCTING ROTOR 



WW-- 

The high-voltage superconau 
theory using a single shell ro; 
tances between the stator anc 

STATOR VOLTAGE EQU 



FIELD VOLTAGE EQU ATI Of 



or is modeled with conventional synchronous machine 
unit model equations are as follows. The mutual induc- 
es and between the rotor circuits are, in general, unequal. 



D AND Q AXIS FLUX LIN* 

X S! , 



aiq 



ATIONS 



D AND Q AXIS SHELL EQUATIONS 



0 - P + Rib, >,<, 

The relevant per-unit mode! 
unit modeled. 



;a me; 



=.re given below for the 600 MVA, 345 kV, .9 PF, 60 Hz 



.00247 

.2989 

.0577 

.0421 

.2989 

.0474 

9.4 E-3 



R 



fd 



1.515 E-8 



X a /d - 0577 

X ffd - .1004 

X IU - .0479 

X alq - .0577 

R lld - 9.4 E-3 
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TURBINE-GENERATOR MODEL DATA 
FOR SHAFT TORSIONAL STUDIES 



PER-UNIT ELECTRICAL DATA 





690 MVA 


815 MVA 


892 MVA 


HV Stator 
588 MVA 


X, 


.0044 
.1711 


.0032 
.12 


.0018 
.1319 


.00247 
.2412 


x ad 
x 


1.601 
1.598 


1.51 
1.44 


1.6551 
1.6315 


.0577 
.0577 


X/d 


.00095 
.14755 


.00083 
.0571 


.00056 
.0889 


1.51E-8 
.1004 


Rkd 
Xkd 


.0419 
.1063 


.0229 
.0314 


.0109 
.0553 


.0094 
.0479 


Rkqi 
Xkql 


.00343 
.6563 


.00385 
.3025 


.0016 
.328 


.0094 
.0474 


Rkqi 
Xkql 


.0123 
.0682 


.012 
.02174 


.0035 
.0381 




x d 
x d 
x d 


1.7721 
.3023 
.2306 


1.63 
.175 
.14 


1.787 
.19 
.1653 


.2989 
.2657 
.2287 



PER-UNIT INERTIAS AND SPRING CONSTANTS 





892 MVA 


815 MVA 


690 MVA 


Jl 


.186 


.143 


NS 


J2 


.311 


.230 


.457 


J3 


1.719 


1.328 


1.800 


J4 


1.770 


1.385 


1.804 


J5 


1.738 


1.929 


1.413 


J6 


.0685 


.0226 


.0267 


Kl 


19.32 


12.542 


NS 


K2 


34.961 


22.839 


37.066 


K3 


52.084 


55.196 


59.188 


K4 


70.920 


70.197 


67.562 


K5 


2.825 


1.823 


1.945 



NS - No shaft 
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MONETARY VALUE OF GENERATOR AND TRANSFORMER LOSSES 



V: > - liv-H :MUj :n J U ^ H-U ^ll fH 

NERATOR AND TRANSFORMER LOSSES MM 

A methodology for calculating the value of a kilowatt of losses at the utility level is here outlined. 
The value of $1270/kW is based on the savings resulting from reduced coal costs oyer 'the 35-year ~ 
life of the unit. 1 This $/kW value was used to calculate the savings of improved generator ^ v#^-^ -V 
efficiencies and of the elimination of the transformer losses when high- voltage superanducting !. 'X 
generators were evaluated! .>-. x! - ; | i;*.*r. j;, Mf: " v ■ " ; : :i H : } \-":) l •* \^ i ^.l *■ 

The method used to calculate the justified investment value of a S/kW uses heat rate improvement 
formulas. The heat rate formulas and calculations provide a saving value as shown below: 

Value of heat rate — in plant cost terms (1985 dollars) - M 

$12.7/kW/% - 14«/kW/Btu 

These heat rate values can be converted to $/kW by the relationships described in the example 
below: 

Example to identify a $/kW value for a 0.1% improvement in heat rate. 

9 Btu's 
i 

$12.7/kW/% x 1,000,000 kW unit x 0.1% - $1,270,000 



| 1% 

$1,270,000 _ 
kW savings 



90 Btu's 



$141,000/Btu/kW-Hr 



Sl ? 270 ? 000 $ 27Q/kW 

1,000,000x0.001 $1 - 27 °/ kW 
T 

0.1% Improvement in Gen. Losses 



METHOD USED TO CALCULATE VALUE OF HEAT RATE 

A. Assumptions 

1. Privately owned utility 

2. 35-year life 

3. Assumed economic conditions continue 

4. Coal fuel, 250S/MBTU in 1985, 7%/Yr. inflation after 1985. 

5. 1985 service. 

6. Plant net HR (weighted) - 9,000 Btu/kW/Hr. 

7. Interest lost during construction is not included. 

8. Additional assumptions as described below. 

B. Rate of Return (Estimate) 



Long Term Bonds 
Preferred Stock 
Common Stock 



'Rate of Return" - 12.6% 



% Capital 

55 
10 
35 



Cost, % Weighted Cost, % 



x 
x 

X 



11.5 
10.0 
15.0 



100% 



6.32 
1.00 

5.25 

12.57 



M 



7 = * ! 



i =-i^iS|s| Jill 



Capitalization Ratio (Annual Fixed Charge Rate) 



Rate of Return, r 

Depreciation (35 yrs. at 12.57%), d l 
Income Tax (Federal and State), T** 
Ad Valorem Tax 
Insurance 

Genera] and Administration Expenses 

; CR — Capitalization Ratio 
*♦ - 



wis 

•si 

- -: a 



12.57% 
0.20 
5.15 
2.31 
0.10 
1.00 

21.33% 



r-DB 



1-t 



r + di - d 2 



where D = 55%, B = 11.5%, d 2 - -~, FTR = 48%, STR = 6% 

t = (FTR)(1-STR)+STR 

D. Capacity Factor (CF) 

While current capacity (load) factors are depressed due to low load g : v ;-. 
in the lifespan of a new, large unit the capacity factor will be in the t - ; i\ i 
Therefore, assume: 



■iz., it is likely that 
^1 60-65% ranged" 



Year 


Capacity Factor 


1-2 


55% 


3-10 


78% 


11-20 


70% 


21-30 


60% 


31-35 


40% 



Annual Fuel Cost 

A HR (8760) kW (CF) (FC) 
10 i0 



S 



Example — Inflated or then current dollars 
1986 dollars 

$ - 90 Btu/kW-Hr. (8760 HrsJlOOO kW 



1000 kW capacity, 



(55) 267.5* x $1.00 
100 10 6 Btu 100e 



- $1,159.73 
Present worth = 1,159.73 x 



1 



1159.73 x .8883 - 1030.23 



(l+r) n 

r = 12.57% = .1257 
Value of Heat Rate — In Plant Cost Terms 

With the above assumptions, the annual fuel cost may be calculated f 
worthed (using the rate of return), summed, levelized (divided by th: 
worth factor) and capitalized. Table J-l shows such a calculation. 

The result is the value for heat rate in 1984-1985 of 
$12.7/kW/% or $1 ^ Q 70 = 14«/kW/Btu 



r i-i-z n year, present 
uniform series present 
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or not, 



ibout 30% of the total plant and the price of incremental capacity is about 20% of the base \ 
price for such equipment.; J ^Ms j ^ \ i \ i i k A\£\-lh \ \ I i k \ %4 i v 



Differential Kilowatt Capacity Due to Heat Rate Differences: 

•tiiM^rKi-:^ is! xii-Jl J**KMi:U-*i ir ?^f;Sv - 

Whether to evaluate kilowattage capacity differences resulting from heat rate differences 

and at what rate is a controversial subject involving many factors and philosophies.: Itjis likely 

that a fossil plant with the required air clean-up equipment will cost at least $800/kW during 

the 1984-1985 period. However, the equipment that varies with incremental kW capacity Is 

about 

price 

Thus a reasonable incremental kilowattage capacity charge might be 800 (.3) (J) ;= $50/kW. 

For an 800 MW unit (880,000 capacity) , the fuel cost and capacity value for a 0.1% change in 
heat rate (and kilowattage) would be about (at customer level): 

Fuel Savings-Heat Rate 12.7 (880,000) 0L1 \ -| $1,120,000 
Incremental Capacity 50 (880,000) .001 - " 44,000 
J ' \ Total - $1,164,000 

Since the value of incremental kilowattage is only = 4% of the heat rate value, and well below 
the uncertainty in assumed values of many parameters, it is believed incremental kilowattage 
savings should not be included in this analysis. 

H. References 

Excellent information on utility economics is available in the following: 
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1. P. Leung and R.F. Durning, 



Power System Economics: 

On Selection of Engineering Alternates, 

ASME Paper No. 77-JPGC-PWR - 7. 



2. Paul H. Jeynes, Profitability and Economic Choice, 

The Iowa State University Press, 1968. 
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it mt 



\ \ %l Rate of Inflation CMAL) ; j j; | \ \ 
\ s Rate of Inflation (FUEL)' } ^ J \ 1 \ ] 
! irk -l $ Fuel Cost per million Bttf 1 f f M 

v All dollars in Inflated or then current dollars except summations (PW) 



35 jH 

t litf* 



t Yr. PWF 



InL? 
MAL 



MM 1*4 f^W^apacity ? f ! 



Inf. 
Fuel 



$/Day Oat 
F/ORisk 
F/O-bayi 
CaptRado 

i; If ^ ; f-f 1 j Cents X £ 1 
, *Dete CF i Euelj ; $ 
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1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 

13 
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Abstract: In the last decade there have been numerous advances 
made in insulating tapes, resins, test methods and 
instrumentation. The impact of the application of the newer 
tapes and resins has produced step surges in insulation 

1 technology. The primary emphasis has been on the reduction of 
the total insulation in the machines to achieve higher output 
density, improved heat transfer, improved efficiency and 
performance. The enhancements in test methods and equipment 

i have served to increase the predictive accuracy of pending 
failures and to improve the integrity of the insulation system. 
Methods designed to find failures are now used to predict 
weakness and improve the insulation processes. As the demands 
on insulation systems are increased, failure mechanisms that 
were infrequent are starting to become more common. 

This paper will look at one manufacturer's vision of the future of 
insulation technology as it applies to the design of rotating 
equipment. It will also discuss the use of insulation evaluation 
techniques in insulation design, and will review insulation failure 
mechanisms and problems. 

PART A : -THE FUTURE CHALLENGE 

Introduction: 

To look at the future and gain an appreciation of the 
increasingly rapid growth in insulation technology, it is good 
to first look backward to the past. 

From the turn of the century to the 1950's and 60*s, the 
standard groundwall insulation for much of rotating 
equipment was a combination of asphalt and mica flakes. 
Mica was an excellent dielectric, was fairly inexpensive and 
led to heavy insulation builds and low stress levels. Many will 
remember dissecting old asphalt / mica coils and finding large 
air voids in the insulating wall, even though the coil had not 
failed in service. 

In the 1950's and 60's, the industry saw the advent of the 
synthetic resin systems, primarily epoxy and polyester. Resin 
rich B -staged tapes appeared and became the system of choice 
for pressed coils and bars. As well, the asphalt compound 
tank of a previous generation saw a rebirth with the autoclave 
epoxy systems. Mica flakes gave way to mica paper, and in 
low binder (dry) tapes saw heavy use in the vacuum pressure 
impregnation (VPI) systems. The pace of insulation 
development began a more rapid advance as the millennium 
appeared on the horizon. 



Industry Changes: 

In the 1980*s, the utility industry was undergoing profound 
changes. The beginnings of deregulation in some countries, 
and the rapid expansion of many world economies, resulted in 
increased power demands. However, with the 199(Ts came 
the anomaly of ever increasing demand and flat selling prices. 
Manufacturers looked for ways to gain the advantage needed 
for sales, and technology was again pushed to the fore. 

On the industrial side, motors were becoming increasingly 
larger and more complex. Failure of a large motor would have 
serious and immediate consequences for its owner. 

Strangely, the need for technology advancement came at a 
time when the equipment manufacturer, utility and industrial 
customers had, in many instances, just completed a 
downsizing in their technology functions. Laboratories had 
been closed, technology expenditures were often scaled back, 
and the academic arena often became the site of new 
investigations and advancement, albeit often too theoretical 
for manufacturing applications. 

To replace the lost inhouse insulation expertise, customers 
began using the insulation consultant - a freelance third party 
expert working on their behalf to maintain a predetermined 
quality level. Except in a few instances, particularly with the 
larger utilities, the days of the career insulation specialist 
appeared to be disappearing. 

Voltage Levels: 

With the emphasis on the use of contractors to plan and 
implement projects, the selection of equipment on lowest 
initial cost and the use of less experienced personnel, there is 
a tendency to ask for products at ratings that are not consistent 
with either good design, manufacturing practices or operating 
experience. One example is the specification of high voltage 
on low horsepower machines. This leads to oversized 
machines or less reliable equipment. 

Today, it is not unexpected to see the specification of power 
system voltages to perhaps 35 kV for r^cfiines" in order to 
eliminate transfor mers a nd bre akers . Although some work has 
been done to produce air cooled machines at voltage ratings ' 
above 15 kV, it is not a simple matter. Choice of clearances, 



bracing, cooling method, corona suppression, winding 
terminations and cabling, enclosures, cooling medium, slot 
grounding, grading, contamination, strand, turn, ground wall 
insulation, etc. will have a more significant impact than at the 
15 kV level. Things that were minor problems at lower 
voltages will become major problems on the new machines. 
Designers and users will require a new mind set to be able to 
build and maintain reliable higher voltage machines. The 
advantages of the higher voltage machines are not going to 
come without careful analysis of all the factors, some of 
which many of the current generation of machine designers 
and insulation specialists are totally unaware. 

Standards and Evaluation Techniques: 

It is perhaps not surprising that the decline in dialog between 
manufacturer and customer due to mandated downsizing, 
resulted in the increased use and development of international 
standards. Customers increasingly began to rely on the use of 
standard practices in their specification requirements. 
Manufacturers, as well, increased their participation to protect 
against interpretation not intended by documentation. 

A case in point is IEEE 1043-1996 [1]. The standard as 
written does not give defined minimum hours to failure. It 
was generally understood between knowledgeable 
manufacturers and customers, however, that historical data 
shows that for a 13.8 kV system, 400 hours at 30 kV (or 250 
hours at 35 kV) defined acceptable limits. There are, 
however, increasing incidences where a "ratcheting up" of the 
historical limits has caused problems; the notion that if 250 
hrs is good, then 500 hours is twice as good. This often 
resulted in manufacturers designing and producing a coil or 
bar set to pass a test, rather than designing for acceptable life. 
This issue is presently being addressed in a revision to IEEE 
1043. 

In the 1990's, a new standard IEEE 1310 1996 [2] was 
developed to determine the thermal cycling characteristics of 
generator insulation systems. It is generally considered to be a 
"type" test, and this is reasonable. It is now however, 
occasionally demanded as a quality assurance tool on each 
contract unit with the attendant increased cost for a several 
week evaluation. The situation sometimes begs the question 
"Who wins??" 

As manufacturing and customers become more global in 
nature, the increased use of country specific and EEC 
standards are becoming more common. 

A recent issue that must be addressed for those manufacturers 
selling into the European Community, is the issue of the 
CE Mark. This identification must be applied to all 
equipment, and requires backup documentation to ensure that 
equipment meets appropriate domestic standards. It is, in 



many ways, similar to the UL mark familiar in North 
America. 

Understand world standardization practices. Getting an 
order may depend on it. 

The Future: 

The expanding need for power on the utility side and larger 
motors to feed the expanding economy, came at a time when 
the generators and motors of the 1950*s and 60's began to 
falter and needed either complete replacement or at least 
insulation renewal. The manufacturing world of Replace, 
Modernize and Upgrade was born. It is a fact that, as we enter 
the new millennium, the Service sector of many 
manufacturers may outstrip the growth of new equipment 
sales. 

For equipment manufacturers, the rules have suddenly 
changed. No longer is it acceptable to quote six months 
delivery on a coil or bar rewind. With power demand high, 
any time out of service impacts heavily on the utility bottom 
line. Manufacturers are now finding that the supplier with the 
shortest delivery is the winner and subsuppliers of copper, 
insulated wire and composite insulation products now feel 
this delivery pressure as well. 

New insulation Systems: 

As stated earlier, there were essentially two major systems 
developed for primary coil and bar insulation in the 1900's - 
the asphalt mica and the synthetic resin mica systems. 

Although the synthetic resin mica system is still the standard 
today, the 1990's saw a new variation on this theme - the 
introduction of filled material technology. This variant saw its 
genesis in a patented process, US 4760296 [3] where it was 
revealed that certain fillers could increase the corona 
resistance of insulating materials. The benefits accrued were 
in proportion to the composition of the filler chosen, the 
percentage of the filler included in the material, the filler 
particle size and its dispersion. Products containing improved 
corona resistant and thermal properties are being used today. _J 

It is suggested that this concept has set in motion a new 
wave in insulation development, with variations over the 
next decade that may radically change the generator or 
motor, as we know it today. 

Benefits - Generators: 

On the utility generation side, the use of filled technology has 
already allowed for reduced or compact builds. These thinner 
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Compact build is a design issue with new equipment, and 
early consultation between the parties can in fact result in a 
smaller generator for similar output. In the rewind market, 
an uprate may be possible where turbine capacity allows. It 
is recommended those utility customers and manufacturers, 
either OEM or service groups, discuss and understand the 
possible advantages of reduced build coil and bar insulation. 

Benefits - Motors: 

As shown above, the process of reduced build / higher stress 
insulation development typically began on the generation 
side of the business. It became apparent that the advantages 
of this program could migrate into the large motor arena 
with equally dramatic advantage [5]. 

To illustrate the effects of an arbitrary 30% reduction in 
ground wall thickness on the design of a large motor, a 
theoretical optimized design was performed. The results are 
shown as Table 1 . 

It is recognized that machine design optimization involves 
tradeoffs, and no insulation system is perfect, but the results 
of this screening suggest some major benefits in machine 
size and weight can accrue with compact build technology. 

Manufacturer's development ingenuity will determine the 
winners and losers over the next decade. 



Fig. 1 - Standard and Compact Builds 



builds (Fig. 1) result in increased stress in the coil and bar 
insulation ground wall. Therefore, for a given slot geometry, 
reduced build can allow for more copper, translating into 
increased output in some cases. At least one manufacturer is 
already leveraging these concepts [4], 

It is cautioned that this redesigned groundwall insulation 
brings with it other benefits and challenges. Reduced 
groundwall relates to a shorter thermal copper to core path, 
and can benefit machine cooling. However, without 
modification, grading systems may become overheated, due 
to the increased stress. As well the mechanical properties of 
the bar should be evaluated when compact builds are 
contemplated. 




PART B : THE ISSUES AND PROBLEMS 
OF TODAY 

Machine Design: 
Pole coil insulation: 

Generally, very few field windings suffer failures due to 
high voltage stresses because the enameled or enameled 
with glass wire used in most field windings is subjected to 
very low voltage stress. The same holds true for strip 
wound field poles. The majority of pole windings see 
voltages less than 250 V on insulation that normally passes 
hi-pot levels over 3000 V. Field winding failures are related 
more to thermal, mechanical and chemical stresses or 
combinations of these three processes. Thermal aging 
causes delamination of the insulation leading to vibration of 
the turns and mechanical failure. Mechanical failure can 
also occur due to loose poles, loose pole collars and even 
loose coil brackets, as well as abrasion from air borne 
particles. Chemical failure comes from such things as 
process gases, oil contamination, moisture, and cleaning 
chemicals. The chemicals eat away the coatings, soften the 
epoxies, cause tubing of the enamels or combine with 
moisture and other chemicals to produce concentrated acids 
that attack the insulation. Strip wound fields can be shorted 
by contamination or conducting metals that are transported 
by the cooling medium. Materials and chemicals that are 
inert at room temperature become deadly enemies at the 
operating temperature of the winding. 

With the move toward smaller machines, the rotor 
insulation system will be worked harder both thermally and 
mechanically. The challenge to the machine designer is to 
increase rotor ventilation and improve the mechanical 
properties of the insulation. 

Bracing: 

There is no bracing system that will work in all applications. 
The bracing requirements of a machine have to be evaluated 
based upon the duty cycle and starting characteristics of the 
machine, the copper section and arrangement in the coil, 
and the actual insulating materials and resins used in the 
insulation system. Not all resins and insulating materials 
will develop the same strength, flexibility and resilience 
when fully processed. The stress strain curve for each 
system will vary significantly with temperature, generally 
with a drastic reduction in the tensile strength and modulus 
of elasticity. Measurements made of several different 
systems (Fig 2) show the mechanical strength of the 
insulated coil dropping to about 25 % of the room 
temperature value when operating at 105° C, the normal 
operating point for a class B rise machine in a 25° C 
ambient. 




Fig. 2 - Bracing Test Assembly 



Methods for calculating the forces that the insulation and its 
associated bracing and support rings must contain under 
various operating conditions go from the simple cantilever 
beam to the full end winding including all the instantaneous 
currents. Forensic analysis of end winding failures show 
that whenever the original insulation system is replaced by 
another system, the end winding bracing needs to be re- 
evaluated. This requirement to re-evaluate the bracing is 
especially true whenever a machine is up-rated or the speed 
changed. 

Coils, Bars and Resin Impregnation: 

Stator coils may be found on both generators and large 
motors. Coils require relatively little connection work 
during installation relative to bars. However, they tend to 
be more difficult to wind due to the fixed geometry of the 
coil span. When replacement of a coil is required both top 
and bottom legs need to be removed, making replacement of 
a coil with a damaged top leg more difficult than that of a 
damaged top bar. 

Bars are primarily used on generators. They are suited to 
larger machines for their relatively lower weight as each leg 
can be handled and wound independently. For the same 
reason replacement of a failed top bar is considerably easier 
than it is in the case of coils where a span needs to be lifted. 

Many machine stators utilize a global vacuum-pressure 
impregnation (VPI) method for epoxy penetration and cure. 
However, there are occasions when machines are 
constructed using preformed ("hard") coils, where the 
insulation is already fully cured and rigid prior to insertion 
in the stator slot. There are two principal reasons why this 
type of construction is used: 

• The stator' s design is such that it is too large for the 
existing VPI facilities. 

• The customer specifies a hard coil stator construction. 

If the size of the tank and oven facilities allow, the benefits 
of the VPI method of resin application are numerous. It is a 
proven method for effective insulation of stators, as there 
are well-known resin/tape combinations. The finished 



system consists of a solid mass of resin and tape. This 
system is resistant to chemical attack and is rugged when 
handled. Manufacturing of the coils can be streamlined by 
use of lower cost tape and is less labour-intensive per coil. 
Winding of stators is facilitated by the use of green VPI 
coils because they are flexible and easier to install, even on 
large spans. 

The VPI method does present some challenges, notably with 
the material handling, vacuum and baking equipment 
required to run the process. Very large stators may make the 
VPI method unfeasible, if the existing crane and tank 
capacities are limited. A new setup requires considerable 
capital investment and there is cost associated with 
maintenance of an existing facility. VPI facilities need 
dedicated staff to run them, require compliance with 
environmental regulations, and may present problems with 
disposal and rotation of old VPI resin. The process may be 
sensitive to taping variations arising early in the process. If 
vacuum tank control is not properly maintained, there exists 
an opportunity for formation of voids or dry pockets in the 
insulation, leading to increased PD activity in higher- 
voltage machines. Due to the very strong mechanical bond 
between resin and tape (the VPI resin, coils and stator form 
a solid mass), a complete stator rewind is required if repairs 
are needed at any time after the completion of the VPI 
process. 

The principal benefit to using pre-formed coils in stator 
winding is that the facilities for complete immersion and 
subsequent baking of the stator are not required. There are 
fewer environmental issues associated with hard coil 
manufacture. For a given volume of insulation, there is a 
higher mica-to-resin ratio in a hard coil, resulting in an 
improved ability to handle voltage stress. Pressing of filled 
tapes around the entire profile of the coil results in fewer 
opportunities for voids and dry pockets to form. The resin 
content is known and pre-loaded into the tape before coil 
pressing. This improves the assurance of fresh tape and 
resin with each coil. Compression is excellent, resulting in a 
more compact coil. There is no "gluing" of the system, 
which allows for rewinds and repairs to take place at site, 
avoiding removal and transport of the stator. The stator can 
be split and shipped in sections, so there is no limit to its 
physical size. Armour-to-core contact is improved by the 
presence of semi-conductive centre and bottom-fillers, and 
various side packing methods. 

The hard coil method is not without challenges. The 
winding process is labour-intensive, requiring more robust 
bracing and lashing. Due to the more expensive materials 
used in their construction, the coils may be costly to 
purchase. Large spans may present challenges to winders 
due to the rigidity of the coils - a considerable amount of 
stress is put on the coil loops when the span is lifted, which 



could damage the insulation. The required side packing may 
need replacement before the end of motor life. 

It can be seen that the two systems are not entirely 
interchangeable depending on convenience. There are 
circumstances when one system offers advantages over the 
other. The strength of the VPI system is in the construction 
of physically smaller stators, multiple (spare) stators for one 
machine, and tight stator bores. VPI machine maintenance 
is easier when the stators can easily be transported for 
reconditioning to a service shop or the original 
manufacturing facility. The non-VPI hard coil system is 
more suited to larger, single machines in remote locations or 
where removal and transfer is difficult (such as marine 
installations), and to machines with wide stator bores. 

Variable Speed Drive Issues: 

Variable speed drives (VSD) repeatedly subject a machine 
winding to electronic switching transients. These transients 
can have very fast rise- times, particularly in pulse width 
modulated (PWM) drives. With longer lengths of cable 
running between the drive and motor, voltage reflection 
problems may also arise. In the worst case, if no protective 
steps are taken, the transient voltage at the motor terminals 
can reach twice the line voltage. The results of a 1988 EPRI 
study [6] also suggest that the high frequency transient 
voltages tend to be unevenly distributed across the coils and 
turns of the winding. The effects of VSD can be mitigated 
by using thicker turn insulation. To compensate for the 
increased turn insulation thickness, the groundwall 
insulation thickness is reduced correspondingly. In this 
way, the total build from the copper to the slot is the same. 
Corona resistant materials will also provide a major 
improvement to insulation life in VSD applications. 

Manufacturing: 

VPI Monitoring: 

The standard method of monitoring the VPI resin 
impregnation process is the use of sacrifice coils. This 
method has two important drawbacks, the first being that 
the sacrifice coils are not confined in the stator slot and are 
more freely exposed to the resin. They are also free to 
mechanically cycle with pressure changes increasing resin 
influx. The second drawback is that, due to the destructive 
nature of the test, the supply of sacrifice coils may become 
exhausted before they indicate the winding has been 
completely filled. 

An improved method of fill monitoring involves the 
monitoring of slot-section capacitance. The stator is placed 
in the VPI tank so that it is electrically isolated from 
ground. All phases are tied together and 1 Vrms <s applied to 



the winding during VPI. A bridge is used to measure the 
capacitance and DF of the slot section of the winding. 

As the tank is filled the resin displaces the air in the 
winding, thereby raising the overall dielectric constant of 
the insulation. This change in dielectric constant is observed 
as a change in capacitance (Fig. 3). When the winding is 
unable to take any more resin the capacitance remains 
constant with time and pressure. 



Capacitance 










Elapsed Time 



Fig. 3 - Capacitive Monitoring Trace 



It is important to note that this method does not indicate the 
winding has been completely filled but that the winding has 
stopped taking in resin. For this reason sacrifice coils are 
often used in conjunction with capacitance monitoring. A 
second drawback of this system is that it uses the entire 
winding to give capacitance. A localized resin-poor area 
may not be a significant contributor to the global parameter 
being measured but may be significant from an electrical 
performance standpoint. 

Quality Assurance: [7] 

Dissipation Factor and Capacitance: 

This test is performed on the wound stator after the VPI 
process. These tests provide information on the condition of 
the insulation, including degree of compaction, armour to 
core contact, and grading condition. The tests are performed 
on each phase with remaining phases grounded to ensure 
that no abnormalities (Cap & DF) exist among phases. 
Typically the data is collected at 10 % of rated voltage with 
subsequent data captured at 10 % increments up to 120 % of 
rated voltage. The tip-up is calculated from the difference 
between the DF at 20 % and 100% of line to neutral voltage. 

A database correlating DF vs. voltage rating, machine 
geometry, type of insulation system etc., will assist in 
trending process quality. 



Partial Discharge: 

Utilizing PD instrumentation, partial discharge data is 
collected on the wound stator after the VPI process. Phases 
are tested together and independently to segregate the 
endwinding activity from the slot section of the machine. 
Data is collected at 100 % of line to neutral voltage and at 
120 %. Again, a database will allow for better assessment of 
PD data when peculiar PD plots occur. The merits of Partial 
Discharge testing extend beyond the evaluation of the stator 
winding. Cable clearances, conduit box geometry and 
termination hardware are a few examples of scenarios 
where PD activity has been identified. 

A machine's initial PD "fingerprint" can help identify 
sources of PD activity. As well, recent developments in UV 
viewing technology can complement PD instrumentation by 
more precisely locating sites of corona activity, often 
eliminating the need for "black hi-pots." 

Hi-pot Testing: 

There is a continuing debate on the merits of AC vs. DC hi- 
pot testing in searching insulation defects. Recently this 
debate has expanded to the use of very low frequency 
(0. 1 Hz) voltage application. 

After insertion of the stator coils, AC hi-pots are performed 
above rated voltage. Following connection, the test is 
repeated. Subsequent to impregnation and bake, a full rated 
hi -pot test (2E+lkV) is performed. 

On VPI systems, it is strongly cautioned that repeated 
hi-pot testing of coils before impregnation (green state) 
can cause internal corona activity, weaken the 
ground wall structure and possibly compromise 
insulation life. 

Surge Testing: 

The turn testing of stator coils is performed during two 
different stages of the manufacturing process. The coils are 
first turn tested upon completion of coil manufacturing with 
the second test after the insertion of the coils into the stator. 
Surge testing establishes a confidence level that the turn 
insulation has not been compromised during the handling of 
the stator coil until it has reached its wedged position within 
the slot. Typical test equipment may include an inductive or 
pulse generator type with either having a known rise time of 
0.1-0.2 us. 

Cabling and Phase Leads Routing: 

At any altitude and environment, particularly in a polluted 
one, air clearances and adequate spacing between coil / bar 
endarms is critical. Equally important is the routing and 




Fig. 4 - Ozone Damaged Cable 



clearances associated with cables and phase leads. In 
difficult to see and limited access locations around the stator 
winding and conduit box, insufficient air clearances can 
lead to premature cable insulation aging. This aging is 
caused by corona discharge and mechanical cycling due to 
electromagnetic forces. Ozone generated by this corona 
discharge activity is also known to prematurely age and 
make the insulation surface on PE, XLPE and various 
rubber insulated cables become brittle (Fig. 4). This ozone 
problem is particularly encountered in confined spaces, 
complex cable/lead arrangements and long routings through 
the frame. 




Fig. 5 - Inadequate Cable Clearances 



Fig. 5 shows a conduit box on a 11,000 HP, 13.2 kV 
synchronous compressor motor. The cables were too 
long and routed with no air clearance to ground (note 
corona on CT). Corona activity between the cables and 



ground caused a catastrophic in service failure on this 
unit. 

In order to prevent this type of insulation damage and 
premature aging of the machine winding, it is necessary to 
use clearance gauges to ensure adequate air gaps between 
highly stressed parts. Gauge size should take into account 
voltage rating and altitude of machine installation site. 

Spray and Submersion Tests: 

Modern epoxies for global VPI applications provide rigid 
insulation systems. However, high rigidity also makes the 
endwinding areas prone to cracking, particularly during fast 
cool down steps after baking. Cracking can also develop in 
service during severe thermal cycling (major load swings, 
reversals, etc.) As well, inadequate restraining of 
endwindings can cause mechanical stresses capable of 
cracking the groundwall insulation at slot exit locations, or 
in the endarm regions. 

A spray or submersion test is designed to check the integrity 
of totally sealed global VPI processed insulation systems, 
per NEMA MG1-20.49. This test is also referred to as Wet 
or Water test. The finished wound stator, after VPI 
treatments and baking, is sprayed or submerged in a 
moderately conductive solution of water and surfactant. The 
surfactant agent, by its low surface tension, wets the entire 
stator insulation surface. This increases the searching 
capability for cracks and weak spots. After spray or 
submersion, the wound stator must pass a successful meggar 
test, followed by a hi-pot. Failure of the meggar test means 
drying, repair and retest of the winding. Wet test failures 
occur at endarms caused by forced blocking of coils, at the 
lead to circuit ring connections (taps), at cable to circuit ring 
splices or on a damaged lead cable insulation. 

To reduce the number of these failures, thermal shocks 
should be avoided after bake. The wound stator is cooled 
down from the cure temperature, typically 160° C to 
ambient, in no less than 12 hours. Cables should be 
carefully routed with no sharp bending radius during bake. 
Taps to circuit rings and cable splices use special resin 
soaked felts and silicone putties to fill the V shaped gaps 
between connected conductors. Adequate taping materials 
and methods are used to obtain a high insulation level and a 
fully sealed system. 

Field Issues, Maintenance and Repair: 

Because of maintenance budget limitations, for rotating 
machinery users, it is of paramount importance for users to 
prioritize their repair or replacement program. Machines are 
generally considered on a case by case basis. Although 
some utilities have developed their own engineering base 
over the years, decision making is quite often a difficult one 
on highly critical and strategic machines. 



A wide spectrum of test standards and recommendations 
(IEEE and EEC) are known and used in the field. The vast 
majority of these tests are performed offline. The most 
widely accepted online high voltage test is Partial Discharge 
(PD) testing, which is rapidly gaining popularity among 
industrial users and utilities. 

Contamination and Tracking: 

Description of the Tracking Phenomenon Due to 
Contamination: 

Electrical insulation tracking is described in detail by 
Mathes and McGowan [8]. Tracking is a surface failure 
phenomenon that occurs when contaminants collect on the 
surface of an insulating material. A moisture film on the 
polluted surface will conduct a leakage current and generate 
heat. Dry bands will form, resulting in regions of very high 
resistivity between the edges of the remaining wet film. 
Nearly the entire surface voltage will appear across this dry 
band, causing flashover of the gap. The temperature of the 
arc is sufficient to decompose and carbonize the material 
locally. Dry banding, arcing and the formation of 
conductive carbon- wilL proceed in a relatively random 
manner somewhat like the branches of a tree. The arc will 
then tend to prefer previously carbonized spots. Eventually 
a continuous conducting path forms between the live parts 
and a flashover occurs. Fig. 6 shows an example of a phase 
to ground fault caused by surface tracking. 

Typical Case Studies: 

Instances of failures due to surface tracking are illustrated 
by the following case histories. A weather-protected 
machine, with a high voltage (13.8 kV) winding, suffered a 
failure in the circuit ring connections while starting during a 
thunderstorm. When the winding was returned for 
inspection and testing, it was so contaminated with a 
conducting material that the leakage current protection on 
the hi -pot set would trip at less than 4 kV. Once steam 
cleaned and baked, the winding withstood hi-pot levels up 
to 40 kV. Examination of the winding after removal from 
the stator core showed that extensive surface discharge had 
been taking place. 

A finite element analysis of the circuit ring section showed 
that the uneven distribution of the contaminant over the 
surface of the circuit rings and the connection bundle 
increased the maximum electrical stress in the insulation 
[9]. Modifications to the enclosure to reduce the possibility 
of the conducting contaminate entering the machine, 
combined with more frequent contamination removal, 
appear to have solved the problem on this unit. 



In another instance, a call from a North American 
consultant revealed that units that he had purchased from an 
unspecified supplier were failing. He asked if it would be 
possible to discuss mechanisms that would help him 
determine the cause of the failures. His units were vertical 
weather protected machines operating under 7 kV on a 
peninsula in the Philippines. The units were downwind, in 
an area of high sea water spray and high humidity and rain. 
The windings were covered with salt and failing. It was felt 
that the salt contamination was shorting out the grading and 
ground tapes causing tracking and failure. 

Approximately 5 years after the first high voltage winding 
failure discussed previously, we were notified of a failure 
on a second unit. Unfortunately, the unit had been sent out 
and rewound before we were notified. The failure on this 
unit was again in the circuit ring connection area. The unit 
was not in a highly contaminated area but the machine had 
been in the same service shop within the previous year for 
the replacement of some cables that had been damaged. 




Fig. 6 - End Bracing Surface Tracking 



Investigation of the cable repair indicated that after the 
cables had been replaced, the endwinding had been dipped 
in a commercially available insulating varnish and baked. 
A series of tracking tests were initiated to determine if the 
anti-tracking characteristics of the insulation system could 
be affected by the varnish. Inclined plane tests were made in 
accordance to ASTM D2303 [10]. A polyester laminate 
substrate was first covered with the base resin and baked. 
Alternate materials were then applied on top of the resin 
layer. The findings for the insulating varnish were so poor 
that the program was expanded to look at all the different 
coatings that might be used on the insulation and on other 
systems that might be used in the future. Various 
combinations of materials were investigated. The track 
resistance of the standard resin was least affected when it 
was covered by epoxy paint, a polyurethane coating or an 



anti-abrasive coating. The test samples became extremely 
vulnerable to tracking when the resin was covered with 
commercial filling compounds, varnish, or combinations of 
epoxy paint and filler or varnish. This work is described in 
detail by Dymond et al. [11]. 

The best way to avoid surface tracking in machines 
operating in a contaminated atmosphere is to keep the 
contaminated cooling air out of the machine. This requires 
the use of a totally enclosed machine with a heat exchanger 
or a purged air system. When this is not possible, the 
designer must have a thorough understanding of how the 
insulation system will perform in this contaminated 
environment. 

Summary: 

As we start the new millennium, the insulation engineer is 
facing many new challenges. The pace of new development 
has quickened. New materials, and variations of long used 
materials are appearing. The long established relationships 
between manufacturer and customer have changed. New 
international standards now complement domestic ones, and 
the manufacturers, as well as some customers, are global in 
their manufacturing and sourcing practices. 

It is perhaps then strangely ironic that with the rapidly 
changing manufacturing environment, many of the same 
insulation problems that have plagued us for years remain. 
Improved material properties are being leveraged as never 
before, and dedication to processing detail is now more 
important than ever. Only through attention to 
manufacturing quality using appropriate testing procedures 
and after-market inspections, can long machine life be 
assured. 
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Power Systems of the Future p*^ 



The assets and working philosophy of individual electric 
utilities will, in large measure, be reflected by the modern- 
ization of their power systems during the next 20 years. Part 1 of 
this article appeared in the January 2000 issue of IEEE Power 
Engineering Review and featured transmission and distribution 
comparing overhead and underground delivery, pros and cons 
of underground delivery, superconducting transmission and 
cryoresistive delivery. It also included a table of contents for the 
complete article. Part 2 appeared in the March 2000 issue and 
featured FACTS, electrical insulation, distribution cables, and 
transformers. Pan 3 appeared in the May 2000 issue and looked 
at the potential for fault current iimiters, lightning and restora- 
tion preparedness, compressed-gas insulated (CGI) transmis- 
sion, and advanced delivery technologies. 

This part, which concludes the article, addresses dc transmis- 
sion. dispersed generation, distributed automation use 
jf computer information technology, and other fec- 
ors worthy of continued consideration in the 
sventy-first century. 




Direct Current, Grid Stability, 
and Superconducting Generators 

For long distance transmission, dc is significantly Jess costly 
than ac. Direct current also serves an important function in rymc 
together two large ac systems, even for short distances, thus cir- 
cumventing problems related to synchronization. However for 
oixhnary transmission, dc is limited to long lengths because of 
the high cost of rectification and inversion at the two ends of the 
line involving high power diodes, transformers, and filters. Sub- 
Stanual filtering is typically required, at significant expense to 
remove the npple at the dc output. Substantial filtering is also 
required on the primary side of the transformer to prevent surge 
and harmonics from getting bade to the generator. 

An increase in frequency reduces the degree of ripple and of 
filtering required. Mere substitution of a conventional low-volt-"* 
age generator that provides high frequency is unsatis- 
factory, since this would increase the transformer 
impedance and losses (especially core tosses) 
and decrease the power transmitted. Fur- 
thermore, it is impractical to try to gener- 
ate at substantially higher voltages with 
a conventional generator. This is be- 
cause the flux density is limited by 
iron saturation, and the armature / 
turns must be insulated from the / 
grounded iron, thereby limiting the [ 
ampere-turns density and the volt* I 
age. J 
The a mplin fcd e of the ripple is de- 
creased approximately inversely as 
the square Of the number of phases. 
Similarly, the filtering requirement is 
reduced as the frequency is increased. In a 
conventional system utilizing a high-voltage 
transformer, as the number of phases are in- 
creased, the cost increases proportionately , which is 
substantial. Development of a high-voltage superconductinE 
generator will entirely eliminate the transformer. This permits 
increases both in frequency and in the number of phaseTwitfa- 
out a concunrent cost penalty, which means that less reactance 
will be needed in both die input and output sides of the diodes. 
An increase in the frequency by a factor of three can reduce the 
reactor requirement by a factor of three. An increase in the 
number of phases by a factor of two reduces the reactor reouire- 
meni by a factor of four. 

The per-unit synchronous reactance of a Supcrconductinc 
generator is about 1/4 that of a conventional generator of simi* 

This is the la* pan of a multipart anic/e by Mario Rubutawiiz: pan / op- 
peered to rhe January 2000 issue, part 2 appeared I* the March 2000 issue 
and pan S appeared in the May 2000 issue o/TEBE Power EotfnceriM R*l 
vie*. M. Rabinawlrz is with Armor Research, S 
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lar rating. This results in an increased steady-start stability limit 
of the superconducting machine by as much as a factor of four 
when the transmission line reactance is relatively small. Super- 
conducting power generation and superconducting magnetic 
energy storage (SMES) were covered in-depth in the May 2000 
issue of IEEE Power Engineering Review, so only a little addi- 
tional material is covered in this article. 

Energy Storage, Voltage 
Sags, and Grid Stability 

The increasing scarcity of the earth's primary energy resources 
has steadily raised their cost and* in rum. the cost of electricity 
production. This has led to increased interest in load-leveling 
energy storage systems. The procedure would be to store excess 
energy that is generated during off-peak periods when the load 
is low and later to deliver it during peak load periods. There are 
many energy storage methodologies such as pumped-hydro. 
compressed air, flywheel, thermal, magnetic, and electro-chem- 
ical storage, such as barteries and fuel cells. The interest in 
SMES is not only because SMES is expected to have a higher 
round-trip efficiency than any other large-scale storage technol- 
ogy but also because it c^an be used to help stabilize the power 
grid by quickly adding or removing power. 

The use-capacity of an ac line may be increased by rapid reg- 
ulation of a SMES unit [11], The ac line use-capacixy primarily 
depends on three factors: transient stability limit, voltage col- 
lapse, and electro-mechanical oscillations resulting from 
subsynchronous resonance of the turbine shaft and the transmis- 
sion network. Of these. SMES is expected to most easily ame- 
liorate the electro-mechanical oscillations resulting_from 
subsynchronous resonance of the turbine shaft and the transmis- 
sion network by damping the oscillations. Smaller SMES coils 
are contemplated* where their primary use would be in main- 
taining power system stability [12]. 

There is even a power-quality niche for what may be called 
microSMES (MSMES), despite the fact that it is very inefficient 
and very costly. The commercial viability of this technology is 
readily apparent in the semiconductor industry, where voltage 
sags of two or three cycles can ruin several single silicon crystal 
ingots, each worth $15,000. Such power dips costing between 
S50.000 and $ 100,00 imply that the cost of a MSMES can be re- 
covered in about 3 years. However, they would prefer to pay the 
utility a lot more per kWhx than normal cost, because, in the sili- 
con wafer fabrication industry, equipment and buildings be- 
come obsolete in less than 10 years. Advocates estimate that 
MSMES could save U.S. industry $12 billion per year. 

More research needs to be done for better HTS in wire form 
before they are adequate for SMES, However, it may be possi- 
ble to circumvent this problem by using HTS in a wide variety 
of aggregate forms such as granules, particulates, foil, and thin 
film in which the magnetic energy is stored in trapped form to be 
released as electrical energy by magnetically coupling to a nor- 
mal coil as the trapped field is caused to decay [14, 15]. This 
trapped-field energy storage (TES) has the advantages of ele- 
vated temperature operation, so that a HTS wire coil need not be 
made, and the elimination of losses in leads. However, much re- 
search needs to be done to make TES a practical reality. 

Power System Planning and Operations 

In the future, electric utilities will find themselves in an increas- 
ingly competitive environment that will push the power system 
to the limits of its operability. Conflicting requirements of oper- 
ating the system closer to its thermal and stability limits, re- 



sponding quickly to wholesale energy transactions, and yet 
maintaining system security and integrity will demand well-co- 
ordinated power system planning, dispatching, and operations. 
As the quantity of wheeled power increases together with the 
raie of wheeling transactions, the system vulnerability will also 
increase. There is much ongoing work to develop methods, pro- 
cedures, guidelines, and software products to deal with these 
contingencies in the operation and control of the grid. 

If these programs are successful in achieving at least a mod- 
est 5% savings in power production* the overall nationwide im- 
pact is significant With a roughly $50 billion^ear fuel cost, the 
potential savings amounts to $2.5 billion/year. Goals of this 
work are to enable planners and dispatchers of the future to de- 
termine: 

• Safe transfer limits across critical interfaces so as not to ex- 
ceed stability and thermal limits 

• How much margin is available on generation and delivery 
systems 

• How best to control the delivery system 

• How best to respond both judiciously and expeditiously to 
constantly changing transaction opportunities 

• How best to predict, implement, and supervene over trans- 
action decisions. 



Biological Effects of Electromagnetic Fields 

The issue of adverse biological effects of electromagnetic fields 
(EMF) will crucially affect power delivery of the future. At this 
point* it is not clear whether or not there is strong evidence for 
adverse effects. There are clearly some beneficial effects and a 
number of effects that are neither beneficial nor adverse. Elec- 
tric utilities cannot afford to be complacent on this issue. 

Biological systems respond to unbelievably low electric and 
magnetic fields* Freshwater catfish respond to electric fields as 
low as 10" 6 V/cm. Marine sharks and rays are sensitive to less 
than 5 x 10 -9 V/cm and use this sensitivity to navigate using the 
voltage gradients induced by ocean currents flowing in the 
earth's magnetic field, Magnetite was discovered in the human 
brain in 1992. Strands of magnetite function like compass nee- 
dles to help one-celled bacteria navigate. Magnetite has been 
found in homing pigeons, salmon, dolphins, tuna, bats, and hon- 
eybees, and it may be part of their navigational systems. 

The application of magnetic fields to broken bones has 
clearly been shown to speed up the mending of bones. Sisken et 
al. have studied the basic problems encountered in nerve injury 
and regeneration [16]. They find that electric and electromag- 
netic fields may help the healing process. They have demon- 
strated that pulsed electromagnetic fields accelerate nerve 
regeneration in the injured sciatic nerve of rats and that this has 
broad implications for the clinical use of these fields in the man- 
agement of nerve injuries [17]. 

On the other hand* in 1991 Adair wrote a paper to show that 
normally encountered 60 Hz electromagnetic fields have no sig- 
nificant biological effect at the cell level [18]. More recendy, 
Bennett came to the same conclusion [19]. These are very 
well- written papers that make a strong case that the electric and 
magnetic fields from power lines are well below the levels of nat- 
ural exposure. Aside from a few inconsequential errors, their 
physics, calculations, and numbers appear reasonable. However, 
they consider only single cell response. They do not adequately 
address the point that an organized system of living cells is sensi- 
tive to and can respond to a much smaller signal than that of a sin- 
gle cell. This is analogous to digital processing in finding a signal 
in a situation in which there is a large noise-to-signal ratio. While 
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the work of Weaver and Astumian [20] is referenced, they do not 
seem to adequately respond to the point that living cells can and 
do react to field levels well below the thermaJ noise limit. 

Biological molecules made of long chains of amino acids 
fold themselves up properly in an instant. Their dynamics can be 
as short as a femtosecond (I0 15 s). Bennett focuses only on the 
breakup of a biological molecule, while neglecting the effects of 
interference with the folding process. Thus, he thinks that only 
much larger fields can be significant biologically. 

Scientists at Sandia National Labs and the University of New 
Mexico claim to have observed unambiguous and reproducible 
nonthermal deleterious effects of pulsed magnetic fields on de- 
veloping quail embryos. The exposed group had 10 times the 
abnormalities compared to a control group. They used larger 
fields than usually encountered to enable them to produce 
clear-cut, easily observable effects where the effect is not lost in 
the noise. Bennett and Adair did not cover these experiments. 

Most recently. Blackman et aJ. claim to have unequivocally 
and reproducibly demonstrated that nerve growth can be inhib- 
ited by exposure to power line levels of magnetic fields as a 
function of either magnetic flux density or frequency [2 J 7 
These tests were in vitro rather than in vivo. Athough nerve re- 
pair has been verified in vivo, it remains to be shown whether 
nerve growth inhibition can be demonstrated in living animals 
Reproduction of these experiments has not yet been reported in 
other laboratories. If reproducible, their results should be judged 
independently of their "ion parametric resonance model,** which 
is used to guide their research and to explain their results 

Straightforward ways can be implemented to minimize EMF 
concerns with respect to transmission lines, distribution lines, 
and substations. Increasing the number of phas es decreases the 
electromagnetic field. Generally balanced three-phase under- 
ground cable has a smaller EMF than balanced three-phase 
overhead lines. This is simply because the solid insulation has 
higher dielectric strength than air, permitting closer spacing of 
the three phases and a fcter fall-off of the fields from the lines 
Unbalanced lines and ground loops for single-phase circuits* 
produce large electromagnetic fields. Epidemiological studies 
indicate that, if there is a causal connection between EMF and 
adverse biological effects, it is very tenuous. Thus one may be 
optimistic that we can find reasonable corrections if we do find 
causal connections. 



Dispersed Generation 

TradMonally, both in generation and in transmission, electric 
utihoes have pursued economies of scale with large power 
plants in increasing efficiency and in reducing capital and oper- 
ating costs. However, both natural and artificial constraints limit 
such expansion. As discussed earlier, transmission line capacity 
is hmited by a practical line voltage of 1,200 kV. Temperature 
and pressure limits are being approached in turbine and boiler 
design. Sometimes the reason for the limit is dear, but often the 
limit constraint is quite subtle. 

When these limits are reached, new technological break- 
throughs, such as the superconducting generator, can result in 
new greater limits or in new ways of doing business. This may 
teas simple as a new way of generating electricity; or. with 
even rartner reaching consequences, utilities may have to alter 
S? ?%* Cy Plan, and operate. Even if the physi- 

S~w P***™ tban they are now. such high power 

^^^i* 01 " 1 a Udli * would " risk on a 
^emacltooe or power line. Although load growth in general 
may be forecast fairly accurately, due to re-regulation, load 



growth for individual utilities may be fraught with uncertainty 
Therefore, even at the present limits, with such uncertainly in 
load growth, building large capital-intensive plants for the pur- 
pose of economy of scale is a very risky undertaking. 

Dispersed generation in its manifold manifestations of 
cogeneration, wheeling, renewable generation, fuel cells, cic 
mu st be properly considered not only because of potential com- 
petition but because they may afford new opportunities for utili- 
ties. Can future load growth be met by alternative strategies to 
new central plant construction or upgrade and/or new transmis- 
sion and distribution system erection or upgrade? 

The trend of the electric power industry has been to increase 
J^I 1 ^ J^ lauve ^siment in transmission and distribution 
(J&D). Elecmcal World |22J estimated thai the T&D share of 
new uuhty investment will increase to 80% in 1997. In pan. this 
may be due to a present excess in generation capacity, However 
it may also reflect the fact that many new technologies for gen- 
eration, such as fuel and solar ceils, may become commercial 
within the next few decades, making it imprudent lo invest in 
additional conventional generation. Windpowers' present com- 
mercial success is due in part to serendipitous pricing contracts 
made during the OPEC-created oil crisis of the 1970s. As we 
shall next see. if the scale is not too modest, small gas-fired 
turbogenerators are already commercially viable. 

Stanford University is a prime example of the kind of dis- 
persed generation that may become more prevalent in the next 
few decades. In 1987, General Electric installed a 50 MVA 
gas-fired steam turbo-generator power plant on the Stanford 
campus to replace the power supplied by the local electric util- 
ity. Tins plant generates the electricity and steam heat for all of 
Stanford's needs (including the Stanford hospital) by burning 
methane delivered by Pacific Gas and Electric (PG&E) Stan- 
ford sells its excess power to PG&E. This facility has saved 
(earned) Stanford millions of dollars per year. 
*™^ e A 5 ° compared to 1,500 MVA. or even 

-wu mva, it is probably big enough to gain some of the advan- 
tages of economy of scale. Clearly 50 MVA is a bit above the 
threshold for commercial viability, at least for the California 
market* and probably for an even larger segment of the U-S 
market. We may be surprised to find that 50 MVA is economi- 
cally v ia ble across the entire United States and that the thresh- 
old may be lower than 20 MVA in California. Such facilities 
preferably in cogenerarion form, bat even if they don't use 
waste steam, will very likely see increasing usage in the next 
20 years. Whether they are owned and operated by utilities or 
by opportunistic entrepreneurs is a business decision that utili- 
ties make based upon each individual utility's preferences as~ 
sets, and needs. 

At this time, all the noncorabustible renewable resources of 
sun. earth, and moon power represent less than 1 % (<7,000 M W) 
of the power generated in the United Slates, rather than the up to 
5% hoped for before 1980. Just because renewable energy 
sources like the sun (solar thermal, photovoltaic, windpower, 
ocean thermal gradients), earth (geothermal), and the moon 
(tides) did not prove to be commercially viable in the past is no 
reason to think that this will always be the case. The need for re- 
newable resources becomes manifestly clear in realizing that 
even if the earth were a hollow sphere full of ready -io-use oil it 
would be depleted in a few centuries, given the present rales of 
use and of increase in use. Of course, renewable U a relative term 
depending on time scale, as even the sun will eventually bum out 
So u is clear that, although dispersed generation using renew- 
able sources may not make a large impact in the next 2 decades. 
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it is certainly the way of the future. Shell International Petro- 
leum predicts that renewable power will dominate world energy 
production by the year 2050. This appears overly optimistic, but 
their prediction of an oil crisis in the 1 970s appeared overly pes- 
simistic until it happened. Oil and gas companies are not stand- 
ing by idly and may be expected to lower prices and find ways to 
burn these fuels more cleanly. The inevitable can be put off but 
not indefinitely. 

Presently, the costs of fuel and photovoltaic cells, solar ther- 
mal, and possibly windpower are too high to consider them seri- 
ously as contenders on the economic playing field. However, in 
the future, we may not be competing on a level playing field, 
These technologies are viewed as environmentally more accept- 
able than fuel-burning central-power plants. Utilities should be 

prepared for further preference points to be 

given to these new developing technologies by ———— 
public utility regulators faced with smog-filled 
cities like Los Angeles. Mexico City. New 
Delhi* and Beijing. When these technologies 
come into vogue, whether they are imple- 
mented by utilities or newcomers, we need to 
know the potential impact on existing and fu- 
ture distribution, system protection, and sub- 
station and transmission facilities. Generation 
determines how we do T&D. 



the entire length of the fiber will be disrupted. This could result 
from the high electric field that emanates from the power line, 
which stresses the dielectric material of the fiberoptic cable. 
Electrical treeing in the fibers is one degradation mechanism. 
Electrical treeing refers to the formation of branching structures 
in a dielectric due to high electric stress and is similar to 
Lichtenberg figures. Electrical trees occur in the dielectric (e.g., 
cross-linked polyethylene) of underground transmission and 
distribution cables and are related to electrochemical trees and 
water trees. 

For a dc power line, the fiberoptic cable is polarized by the 
electric field, and the electric stress internal to the cable can cause 
deterioration of its optical properties. For an ac power line, the 
fiberoptic cable is alternately polarized in one direction and men 



We should not reject pursuing new technologies 
just because they seem alien and unfamiliar to us; 
neither should we blindly accept a new technology 
simply because it has received much media 
exposure and is the latest fad 



Information Superhighway Synergy 

Reliable and timely information is a valuable commodity. The 
networking of individuals, teams, associations, companies, and 
corporations has developed a need for more efficient exchange 
of information locally and globally. The main driver is speed of 
access, though it may be quite some time before much can be 
done about speed of assimilation. This requires technical inno- 
vations to be made in a broad spectrum of scientific disciplines, 
including microwave transmission and reception, waveguides, 
optical fibers, and a synergy between optical fibers and power 
lines , Essentially, the information superhighway (IS) is a net- 
work of comm u nication systems providing high-speed, broad- 
band, integrated services. Thus, the new telecommunications 
and information technologies of the emerging IS present electric 
utilities with a new set of challenges. 

There is great interest in combining power lines with 
fiberoptic cables to also carry telecommunications as part of the 
future communications Superhighway. It should not be taken for 
granted that fiberoptic cables will be trouble free on high-volt- 
age overhead lines. Over a long period of time, the effects of 
electric stress and high-voltage corona can degrade an un- 
shielded fiberoptic cable if the fibers are exposed to a high elec- 
tric field. (This would not be a problem outside the ground 
sheath of an underground power cable, as there is no electric 
field there from the high voltage line.) Although the grounded 
shield wires of an overhead line have a much lower electric field 
environment than the power lines, lightning is more likely 10 
strike the grounded shield lines and damage the optical fibers. It 
is not always possible to put optical fiber cables on low voltage 
phone lines. In the case of long distances, there are no phone 
lines on which the fiberoptic cabfe can be carried, because dis- 
tant phone transmission is by microwaves. 

Though it may not be expected, deleterious effects can im- 
pair an unshielded fiberoptic cable that is combined with a 
high-voltage power line. If, over a long period of time, the elec- 
tric field produces sufficient deterioration even in just one loca- 
tion of a long length of fiber, the transmission of information of 
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the opposite direction as the electric field alternates. For a 60 Hz 
power line, mis change in polarization takes place 120 times per 
second* which causes a dielectric power loss in the fiberoptic ca- 
ble as well as stressing the fiber. A patent has been issued for an 
invention that pertains to a method and apparatus for protecting 
the fiberoptic cable from the high electric field of power lines 
[23]. Ibis protection should enable fiberoptic cables to be com- 
patibly carried on power lines in the future as part of the IS. 

The impact of IS on utilities can be significant in providing a 
new role for rxjwex^nformation brokers, new markets, and ad- 
vanced simulation techniques needed in tbe control systems of the 
future. Updated mforraation is essential on business opportunities 
ancfrisks to help electric utilities in understanding the national in- 
formation infrastructure and potential telecomnnmications strate- 
gies before making any major decisions. A window of both 
necessity and opportiiniry faces utmties. The necft^sity is to handle, 
process, and transmit information to survive in the present compet- 
itive milieu of electric power delivery. The opportunity is to find 
new sources of revenue in the new arena as well as use the new 
arena to advantage in die electric power field by wisely managing 
the supply and transmission of electricity to meet fast and widely 
changing demands. One important utility function that IS will help 
to achieve is that of distribution automation- 
Distribution Automation 

Automation of distribution feeder circuits, residential loads, and 
commercial customer loads should decrease energy costs, allow 
for faster customer payments, improve power reliability and 
quality, provide the potential for variable-priced energy provi- 
sions and sales, and reduce utility operational costs. It will facil- 
itate monitoring of energy use for energy management systems. 
Another advantage will be the ability for automatic meter read- 
ing for electricity, gas, and water. The challenge will be to auto- 
mate distribution in such a way that the entire range of utilities 
from small to large, with differing technologies, will all benefit 
from this innovation. 

To accomplish these goals, the Electric Power Research Insti- 
tute (EPRi) created a Distribution Automation Pilot Project 
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* (DAPP). Tins includes the automation of 2 distribution substa- 
. uons and feeders, the automation of 20 commercial customers 
and the automation of 200 commercial sites. In addition to dem-' 
onstraung the benefits of DAPP. this will test the utility commu- 
nications architecture (UCA). UCA creates a standard 
nonproprietary communications architecture whose purpose is to- 

• Facilitate interoperability between different computer 
systems v 

• Reduce product costs through standardization 

• Enable and improve compatibility of different hardware 
and software systems 

• Allow utility personnel to access information across the 
utility spectrum 

• Provide for the exchange of information between hardware 
systems within a utility and between two or more utilities. 

Additionally, the automated distribution management func- 
Dons will analyze power flow; determine connectivity; detect, lo- 
cate, and isolate faults; restore service; control voltage/vars- and 
reconfigure feeders. In addition to automatic meter reading other 
customer site functions will include load control, tamper detec- 
tion, outage detection and restoration, connect/disconnect, notifi- 
cation of status of outage restoration (e.g.. should commercial 
customer send employees home?, should residential customer 
make other plans?, etc), and customer notification after power 
restoration. Not only could billing information be provided daily 
rt could be itemized by appliance or larger segments. Ofcourse.it 
wouki also permit electronic payment of bill*. Real-tune pricing 
based on actual cost of generation would allow the customers 
have scheduled usage of appliances and industrial equipment. In 
dense urban areas, distribution automation may be facilitated bv 
fiberoptic plus coaxial cable. In less dense rural ateas, this can be 
done by less expensive radio communicatioiL 
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Conclusion 

If novel power systems are to be incorporated in electric utilities, 
toey must either fin a new niche or compete both technically and 

HTT,f^ ilh ^^OP* ^sterns. Innovation is 

difficult to achieve for any industry that has become highly tech- 
nical and capital intensive over a century of development, as is 
the electric power industry. We should be careful to avoid either 
of twoextremes. We shouldn't reject pursuing new technologies 
just because they seem alien and unfamiliar to us. Neither should 
we blindly accept a new technology simply because it has re- 
ceived a lot of media exposure and is the latest fad. As wc look at 
power systems of the future, new technologies often appear more 
premising than they turn out to be, precisely because theyare re- 
mote. Their warts are not perceptible at a distance. The*- draw- 
backs and flaws only become evident as we see them more 
closely. Occasionally, the remoteness of a technology leads to un- 
duly pessimistic conclusions about its future. EverTaftcr a tech- 
nology has been demonstrated, leading scientists may have 
doubts about its practicality because of the necessity for new de- 
velopments that are needed, but cannot be foreseen. So, with anv 
evaluation of future delivery technologies, new development 
may well alter presently sound conclusions. 

Although dispersed generation using renewable energy 
sources may not impact within the next 2 decades, it is not only 
inevitable, but regulation may bring about its commercial emer- 
much sooner than most expect. There was much truth in 
what Mai thus said about populations and needs tending to in- 
crease geometrically whereas resources tend to increase only ar- 
ithmetically, leading to crises. Malthus overlooked two factors 
that have thus far vitiated his conclusion: societal and techno- 



SSrS £ ° f ***** technoJ °Sical innovation has 
played the more important role. Given the present rate of popu- 
lauon growth and the per capita increased demand for energy*; 
the less developed countries improve their standard of livine it 
is fairly clear that, even if we had easy access to all the oil fas 
and coalui the earth, these resources would all be consumed in 
about 100 to 300 years from now. Wc will certainly encounter 
enses .well before this if alternative forms of energy are not ac- 
cepted into our societal infrastructure and substantially incoroo- 
rated into its power system. 

There is truth in economy of scale, that operation below a 
enbeal size ,s wasteful. Power delivery and power production 
both have economies of scale. Well before limits are reached, it 
is roughly Lite a 2/3 power law for the overall system, as is a sur- 
face to volume ratio. This is because costs related to permanent 
materials scale like a surface, and costs of consumable enerev 
materials scale like a volume. The factor that is neglected in this 
stmplisbc view is the increased failure mode probability relative 
to smaller redundant systems if the scale gets too large Dis- 
persed generation may provide a new framework for the power 
dehvety system that has the potential of increasing its reliabil- 
ity. This wd work well in coordination with distribution auto- 
mation, which will allow better control of both the distribution 
system and its loads. 

Financial and environmental pressures have forced more in- 
tensive utilization of available power deb' very. EPRI-sponsored 
scoping studies concluded that FACTS can produce significant 
savings for scenarios in which utilities benefit from improved 
control of power flow (avoiding loop flow) and in situations 
which are stability limited. It is self-evident that the cus- 
tom-power aspect of FACTS is a vital asset in producing and de- 
livering quality power. Avoidance of building new lines is a 
major benefit, when the existing system reaches its power deliv- 
ery limit. Even though FACTS will increase the total power 
use-capacity, it will decrease neither the absolute amount of 
power losses nor their relative percentage. These will increase 
both in the lines and in the ancillary equipment 

Hyperconductiviry and eventually high-temperature super- 
conductivity may be ways to reduce power kisses and increase 
P T^*^ lty - Out existing grid system is a valuable resource, 
and FACTS can help us make the most of that resource. New 
lines are expensive and require time aixfresources for permits and 
construction, and the issuance of permits is by no means certain 

In terms of increasing power delivery capacity, there is an 
average limit of about 20% as to what FACTS can do, so we 
must also look to new technologies. It may be a while before 
tneproblems of brittleness and critical current density will be 

rSrSX* S0,VC ? f0r h, A b - lCmperature s-Pcrconductors 
(rrj^t,) that it can have much of a near-term impact. It is diffi- 
cult to say whether in the near-term HTSC will be able to fill a 
niche m toe retrofitting of 3-in-I pipe type cables, where the 
need for increased power carrying capacity overrides the need 
for reduced losses. 

Hvperconductivity using beryllium at 77 K looks very prom- 
ising to both increase power-carrying capacity and reduce 
losses. We are aware of the problems that are a deterrent to the 
use of Be. and we should properly take a cautious approach in 
evaluating •ts potentiality. Would SF6 ever have been used if it 
had been known in advance that SaFio, an arcing byproduct, is 
one of the most poisonous gases known? By serendipity, this 
dJdn i turn out to be a problem. We should at least do some of 
the preliminary research to ascertain if Be's technical potential 
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can be achieved in power lines and if its cost can be significantly 
reduced in case there is a greatly increased demand for it 

The information superhighway presents an unparalleled op- 
portunity for electric utilities in the emerging deregulated (or 
perhaps more correctly re regulated) environment Sophisticated 
customers may have computer input and control to make fre- 
quent changes in which utility will be delivering power to them. 
One possible implication is that, as a function of market-driven 
usage, some lines will need to operate at limit capacity, and 
some that are now well-utilized may become under-utilized. In 
order to survive in this new milieu, utilities will have to become 
highly competitive in the price of delivered power and to antici- 
pate these kinds of changes. With respect to failure rates, utili- 
ties will need to ascertain which of their lines are the worst 
performers. Upgrading of lines should take failure rates into 
consideration as well as anticipated increased usage. 

It appear* that, in changing the very nature of the U.S. elec- 
tric utility industry, the regulators may not have considered all 
the implications, from destabilizing the power grid to undermin- 
ing millions of innocent shareholders who have traditionally re- 
lied on utility stocks as an instrument of reliable and stable 
investment A nation wide* comprehensive analysis is needed to 
ascertain the full implications of this new policy. Among the is- 
sues that need greater clarification are; 

• Full implication of the economic consequences with re- 
spect 10 the present policy and a more moderate 
reregularion policy 

• National security implications of this new policy 

• Grid stability implications 

• New generation risks from large -load transients, (eg., 
turbogenerator shaft vulnerability) 

• Environmental impact 

Because of the unavailability of new rights of way for over* 
head lines, it is clear that an increasing amount of power deliv- 
ery will have to be underground. As die available corridors 
become saturated and power dissipation increases as fast or 
faster than the increase in capacity, more attention wfl] need to 
be given to the thermal conductivity of the backfill. EPRI helped 
develop a slack wax that can stabilize the thermal conductivity 
of the soil. Slack wax is an inexpensive byproduct of oil refilling 
that is stable in the ground and can be added to backfill in emul- 
sified form, or by heating. 

Let us hope that the present underground vault explosions are 
not a harbinger of worse to come. Programs are focused on deter- 
mining the cause and preventing the explosions. In the worst case 
scenario, we may have to develop insulations that are hydrocar- 
bon-free. A major R&D effort would be required to commercial- 
ize cables using such new dielectrics in the next 20 years. 

Global competition requires that R&D results be moved into 
the marketplace for utilization by electric power companies 
with as much care and speed as possible. 
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